Tailoring hydroxyapatite (HA) nanoparticles as a phosphorus (P) fertiliser in soils by Xiong, Lei
  
 
 
 
 
 
Tailoring Hydroxyapatite (HA) Nanoparticles as a Phosphorus (P) Fertiliser in 
Soils 
 
 
Lei Xiong 
Bachelor of Environmental Engineering 
Master of Environmental Engineering 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2018 
School of Agriculture and Food Sciences 
 II 
 
Abstract 
 
Hydroxyapatite nanoparticles (HA-NPs) have recently been proposed as a novel phosphorus (P) 
fertiliser that not only provide increased efficiency through controlled release but also minimise 
adverse environmental impacts. In the present study, three types of HA-NPs were synthesised with 
differences in surface charge. The P release dynamics of the three HA-NPs was investigated by 
incubating the compounds in two P-deficient soils (an Ultisol and a Vertisol) in the laboratory for up 
to 240 d. Their fertilising effect on sunflower (Helianthus annuus) was assessed by a glasshouse pot 
experiment using the two soils, their mobility in both soils was examined through a column leaching 
experiment with sand as a control. The surface charge of the three HA-NPs was +21 (±4.3), 0 (±3.5) 
and −12 (±2.7) mV in a neutral medium (pH 7) [hereafter defined as HA-NPs(+), HA-NPs(0), and 
HA-NPs(‒)], with an average particle size of 25.7 nm. In the Ultisol (pH 4.7), the addition of HA-
NPs resulted in a smaller initial increase in P availability than triple superphosphate (TSP) due to 
their lower solubility. However, P availability in the TSP treatment decreased over time due to 
adsorption of P to the soil constituents, with a concomitant increase in the NaOH-extractable P 
fraction. In contrast, the release of P from the HA-NPs remained relatively constant over the entire 
incubation period. After 45 d, the soils amended with negatively charged HA-NPs had higher levels 
of available P when estimated using diffusive gradients in thin films (DGT-P) compared to both the 
neutral and the positively charged HA-NPs. In the Vertisol (pH 8.2), although the addition of TSP 
increased P availability markedly, amendment with the three HA-NPs did not increase P availability 
due to the low solubility of hydroxyapatite at this high pH. Indeed, for the Vertisol, most of the P 
added as HA-NPs remained in the Ca-P fraction. For the glasshouse experiment, in the Ultisol (pH 
4.7), addition of TSP or any of the three HA-NP compounds increased plant biomass by 6.4-11.6 
times, with the HA-NPs(‒) being significantly more effective than the other three P compounds 
(including TSP), increasing plant fresh biomass 16.5-fold for the shoots and 8-fold for the roots. The 
rock phosphate (RP) increased plant biomass the least (only by 1.5-fold). In the Vertisol, none of the 
three HA-NPs compounds or the RP significantly increased plant growth, whereas TSP increased 
plant fresh biomass by 28 % after 35 d. Through the column experiment, it was also found that 
although overall mobility of P in both soils is low, the application of HA-NPs(‒) in the Ultisol slightly 
increased P mobility, moving 5 % of the P to 100 mm depth of the column. The results show that for 
the acidic Ultisol, HA-NPs with altered surface charge is a competitive form of P fertiliser. However, 
HA-NPs were not effective in an alkaline soil due to their lower solubility. This information is 
important in the development of HA-NPs as a novel fertiliser, and it is important to consider the 
development of HA-NPs with altered surface properties (i.e. particle size, surface charge) to match 
the soil properties.  
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Chapter 1: General Introduction 
As an essential and irreplaceable nutrient for all life on the earth, phosphorus (P) plays a prominent 
role in agricultural production and ecosystem processes. Nonetheless, plants growing in many soils 
worldwide suffer from P deficiency due to its uneven distribution and low bioavailability. 
Conventional soluble P fertilisers are easily converted to forms with reduced availability and lost into 
water bodies, thus reducing efficiency of applied P and causing environmental contamination. In 
contrast, the direct use of bulk hydroxyapatite (i.e. rock phosphate) with low solubility has been 
reported in many soils to be ineffective to maintain crop production. Therefore, it is of imperative to 
investigate innovative P fertilisers, not only to enhance efficiency of fertilisers’ utilisation but also to 
minimise adverse environmental impacts.  
1.1 Aims and Objectives 
This research examined the suitability of hydroxyapatite nanoparticles (HA-NPs) as a novel P 
fertiliser, aiming to enhance efficiency as well as lower the risk of adverse environmental outcomes, 
based on following hypotheses:  
i. HA-NPs are able to be tailored to have ‘desirable’ properties with ideal solubility, through 
modification of the particle size and surface charge.  
ii. The tailored properties of the HA-NPs would influence the release and bioavailability of P in 
soils. The fate of P added as HA-NPs in soils may also be dependent upon the properties of 
soil (such as pH). 
iii. The tailored HA-NPs would be more effective in enhancing plant growth than conventional 
soluble P fertiliser, such as triple superphosphate (TSP), due to their slower release of P and 
altered interaction with soil constituents. 
iv. The tailored HA-NPs could lower P leaching risks in soils due to their lower solubility, 
compared to TSP.  
Four experiments were conducted: 
1. Synthesis and characterization of HA-NPs differing in size and surface charge (Chapter 3); 
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2. Evaluating the release dynamics of HA-NPs and P availability in two different soils: an acid 
Ultisol and an alkaline Vertisol (Chapter 4); 
3. Glasshouse evaluation of the HA-NPs as P fertilisers on sunflower (Helianthus annuus) in an 
acid Ultisol and an alkaline Vertisol (Chapter 5); 
4. Movement of HA-NPs in an acid Ultisol, an alkaline Vertisol and an acid-washed sand 
(Chapter 6). 
The studies included bulk apatite (micrometre scale), a conventional soluble P fertiliser as TSP 
and a control (no P addition) for comparison.
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Chapter 2: Literature review 
2.1 P is essential to crop growth 
Phosphorus (P) is a crucial component of key molecules such as deoxyribonucleic acid (DNA), 
ribonucleic acid (RNA), adenosine triphosphate (ATP), and phospholipids, thus is an essential and 
indispensable element for all life, including plants, animals, and bacteria Johnston (2000). It is known 
that P comprises about 0.2 to 0.4% of a plant’s dry biomass (Brady and Weil, 2007) and is involved 
in cell growth and the formation of fruit and seed development. And it plays a pivotal role in many 
functions, including energy generation, respiration, nucleic acid synthesis, photosynthesis, membrane 
synthesis and stability, glycolysis, enzyme activation/inactivation, carbohydrate metabolism redox 
reactions, N2 fixation, and signalling (Bieleski, 1973; Raghothama, 1999). As a result, plants are 
unable to complete their lifecycle in the absence of P.  
The essentiality of P for plant growth was first reported by Liebig (1841). Plants that are P-
deficient have dwarfed or stunted growth in comparison with those growing under similar 
environmental conditions but with sufficient P. Visual symptoms of P deficiency include reduced 
shoot growth, dark and dull leaves and stems, and development of a reddish or violet colour on the 
leaves under severe deficiency. Most red, blue, and purple colours are induced due to increased 
anthocyanin synthesis, which inhibits P uptake (Alkema and Seager, 1982). However, cold 
environments can also induce purple pigmentation which is not related to P deficiency. Generally, 
symptoms first appear on older parts of the plant as P is relatively mobile within the phloem. A P 
shortage may result in the delay maturity of several crops, including for maize (Zea mays), cotton 
(Gossypium), soybean (Glycine max), and others. 
2.2 P is a non-renewable resource  
Plants obtain P from soil, with this P derived from weathered parent material or from P fertilisers. 
Unlike other macronutrients such as nitrogen (N) and potassium (K), P concentrations in the soil are 
generally low compared to plant requirements. During soil development, the primary mineral forms 
of P (mostly apatite) are weathered, releasing soluble P. This soluble P may be taken up by organisms 
and converted into various organic P compounds, although a majority of the P is adsorbed onto the 
surfaces of clay, oxide minerals, and humic substances, precipitated as secondary P minerals, or 
leached into water bodies, thereby slowly depleting the total and available P pools (Condron and 
Newman, 2011; Stewart and Tiessen, 1987). It is estimated that worldwide, a total of 5.7 billion ha 
of land contains low levels of plant-available P (Cakmak, 2002). This P deficiency is particularly of 
concern in subtropical and tropical areas due to their highly weathered soils (Batjes and Sombroek, 
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1997) and in the calcareous and alkaline soils of Mediterranean regions (Matar et al., 1992). This is 
mainly due to the mineralogy and geochemistry of these soils that favours the strong sorption of P 
ions to the solid matrix, resulting in low concentrations of available-P within the soil solution. For 
example, in Australia, which has naturally P-deficient highly weathered (ancient) soils, more than 90% 
northern grazing systems are deficient in P (Cordell et al., 2013), although some southern cropping 
systems now have a P surplus.  
Due to these low concentrations of plant-available P, plus continued removal in agricultural 
products, replenishment of P from P fertiliser is often required to maintain plant growth. Indeed, P 
fertilisers have been applied in increasing quantities since the Green Revolution in the mid-20th 
century, which has increased crop production substantially and saved millions of people from 
starvation (Hazell, 2002). In 2016 alone, an estimated 261 million tons of phosphate rock was mined 
and used globally for crop production (Ober, 2017). The demand for P is still growing due to an 
increasing human population, changing diets, climate change policies, and the silent demand in Africa 
(Fig. 2.1) (Cordell and White, 2014; Ober, 2017). However, phosphate rock reserves are finite, and 
long-term P scarcity is an emerging problem that receives increasing attention (Cordell and White, 
2014). It has been estimated that whilst the remaining global phosphate rock reserves are 
approximately 2,358 million tonnes of P, cumulative production from 1900 to 2007 was 
approximately 882 million tonnes (Badri et al., 2008; Buckingham and Jasinski, 2006; Jasinski, 2007). 
Accordingly, rock phosphate reserves could potentially be largely depleted in the next 50-100 years 
(Smil, 2000; Steen, 1998). 
Not only are reserves finite, but their distribution is uneven (Fig. 2.2), with a majority of RP 
reserves controlled by only a few countries (mainly Morocco, China and the USA), and thus subject 
to international political influence. It was indicated that the RP reserves of Australia are 82 million 
metric tons in 2010, comprising only 0.1% of the total world reserves, whereas the soils in Australia 
along with Sub-Saharan Africa are most P-deficient worldwide (Van Kauwenbergh, 2010). As 
remaining P resources are unevenly distributed and becoming increasingly scarce, the price of P 
fertilisers could become expensive and unaffordable for many farmers. For instance, when China 
introduced an export ban on minerals including P in 2008, the global price of P increased 50%, faster 
than the price of any of the main staple crops. Thus, the supply of P fertilisers could be influenced 
not only by scarcity, but also by political instability. 
 
 5 
 
 
Fig. 2.1. Global demand trends for phosphate fertilisers (1961-2017) for developing and developed 
countries (Cordell and White, 2014). 
Fig. 2.2. Global deficits and surplus of P due to its uneven distribution (Cordell and White, 2014).  
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2.3 Chemistry of P in soils 
The forms (speciation) of P in soils are determined by a range of factors, such as parent material, 
soil type, extent of pedogenesis, and management practices including rates and types of P applied and 
soil cultivation (Sharpley, 2000). More than 95% of the P in soils derive from the dissolution of 
primary soil minerals (mainly apatites). As a result, few of these primary minerals remain in highly 
weathered soils, such as those of Australia. The soluble phosphate derived from the weathering of 
primary P minerals are either precipitated as secondary P minerals and eventually converted to 
occluded (unavailable) forms (Smeck, 1985), or associated with soil organic matter (SOM) - these 
two forms accounting for 98-99% of P in highly weathered soils. The proportions of P in these two 
pools (i.e. inorganic and organic) vary from 20-80% according to soil properties and mineralogy.  
2.3.1 Soil solution 
It is the inorganic P (Pi) in the soil solution that is readily available to plants. The major ionic 
species of P in soil solution include PO43-, HPO42- and H2PO4-, depending upon soil pH. Phosphate 
ions are derived from the dissociation of orthophosphoric acid (H3PO4), the speciation of which can 
be predicted using Lowry-Brønsted acidity, pKa value, defined as the ability to lose or donate protons 
(Table 2.1). In the range of pH values commonly encountered in soils (4.5-8.5), H2PO4- and HPO42- 
are the dominant orthophosphate ions (Fig. 2.3), with HPO42- being the primary species at pH values 
above 7.2 (Lindsay, 1979). 
Within the soil solution, these Pi ions act as hard Lewis bases, which have a strong tendency to 
form complex species or ion pairs with hard Lewis acids, such as H+, Ca2+, Mg2+, Fe3+, and Al3+ 
(Lindsay, 1979). This again is largely determined by pH as the presence of such cations in the soil 
solution depends on soil solution pH. In acid soils, the solubility of Fe and Al oxides increases, leading 
to occurrence of trivalent Fe and Al ions in large concentrations in the soil solution, whereas they are 
negligible in neutral or alkaline soils (Lindsay, 1979). In contrast, in neutral and alkaline soils, Ca 
and Mg are the dominant cations in soil solution (Ruiz and Arvieu, 1992). Furthermore, the speciation 
of P in the soil solution will also depend on the concentrations of other competing ligands (including 
organic ligands). Organic ligands such as citrate or oxalate can form stable complexes with Fe, Al 
and Ca. Therefore, the distribution of Pi ions depends upon the pH, the concentration of metal cations 
(i.e. Fe, Al and Ca) and ligands (organic and inorganic). 
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Fig. 2.3. Speciation of orthophosphate ions (expressed as mole fraction of total P) in solution 
according to pH (Hinsinger, 2001). 
 
Table 2.1. Speciation of orthophosphate and acid dissociation constants (pKa) at 25 °C (Hinsinger, 
2001). 
Dissociation reaction pKa 
H3PO40 ⇋ H2PO4- + H+ 2.15 
H2PO4- ⇋ HPO42- + H+ 7.20 
HPO42- ⇋ PO43- + H+ 12.38 
 
2.3.2 Inorganic P compound 
Most of the solid Pi in soil exists as adsorbed P phases and as primary and secondary P minerals 
(Pierzynski and McDowell, 2005). Thus, the distribution of Pi in solid phased is largely governed by 
adsorption/desorption and precipitation/dissolution processes. 
Soluble P in the soil solution is negatively charged, as either monovalent or divalent Pi ions 
(Hinsinger, 2001), thus can be adsorbed onto/into those soil components that have positive charges. 
These sorbents include various constituents containing either hydroxyl (Fe and Al oxides), silanol 
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(clays) or carboxyl (organic matter) groups. The soil sorbents for Pi ions include carbonates (Suzuki 
et al., 1986), organomineral complexes (Gerke, 2010), metal oxides (Antelo et al., 2007; Yao and 
Millero, 1996), allophane and amorphous alumino-silicates (Jara et al., 2006; Rajan and Perrott, 1975), 
and clay minerals (Bar-Yosef et al., 1988; Manning and Goldberg, 1996; Pissarides et al., 1968). 
Metal oxides including oxides, oxyhydroxides and hydroxides are generally found to be of high 
ability for absorbing P, especially in Ferrosols and Calcarosols where the metal oxides are of high 
concentrations (Matar et al., 1992; Samadi and Gilkes, 1998; Torrent, 2000). These minerals matter 
in P adsorption because (1) they are usually positively charged in most soils; and (2) they have a 
considerable specific surface area due to their formation as small crystals and more or less poorly 
ordered minerals (Norrish and Rosser, 1983; Schwertmann and Taylor, 1989). As soil pH decreases, 
the positive charge of these minerals increases (achieving maximum charge when pH is equal to the 
pKa of the conjugate acid), thus enhancing the ability to adsorb P ions (Bolan and Barrow, 1984; 
Parfitt, 1978; Strauss et al., 1997). The mechanism of phosphate adsorption onto hydrous oxide 
surfaces, proposed by Parfitt et al. (1975), was replacing two surface hydroxyl ions (or water 
molecules) for one phosphate ion. Recently, the importance of clay minerals in P adsorption has 
attracted increasing attention, and many studies argued that the binding capacity of clay minerals may 
be close to or even higher than that of Fe/Al oxides, depending on the specific surface area of these 
soil constituents (Gérard, 2016). 
Desorption of P occurs mostly through a ligand exchange reaction by competing anions. However, 
decreasing the P concentration in the soil solution will also shift the adsorption-desorption 
equilibrium towards enhanced desorption. As is demonstrated in numerous previous studies, metal 
oxides and clay minerals have a stronger affinity than most of other competing ligands (inorganic or 
organic) for P ions (Naidu et al., 1997; Schuster, 1991; Violante and Pigna, 2002). Nonetheless, the 
inorganic ligands (such as sulfate, silicate, or bicarbonate) or organic ligands (such as carboxylic 
anions) can desorb P ions to some extent (Nagarajah et al., 1968). For example, bicarbonate ions 
could desorb as much P as citrate from a montmorillonite (Kafkafi et al., 1988). 
 The precipitation of P is largely determined by pH. In acid soils, P may precipitate as Fe and Al 
phosphates such as strengite, vivianite, variscite and various minerals of the plumbogummite group 
(Lindsay et al., 1989; Norrish and Rosser, 1983). Some Fe phosphates have been observed to form 
when Pi ions was reacting with goethite (Martin et al., 1988). In contrast, under neutral to alkaline 
conditions, P precipitates as Ca phosphates such as dicalcium or octacalcium phosphates, 
hydroxyapatite and eventually lower-solubility apatites (Lindsay et al., 1989). The formation of 
various Ca phosphates (Table 2.2) has been directly observed by electron microscopy in neutral and 
calcareous soils (Arvieu and Bouvier, 1974; Calvet et al., 1980; Freeman and Rowell, 1981; Wang 
and Tzou, 1995). When pH is above 6.5, brushite is the dominant Ca-P phase (Freeman and Rowell, 
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1981; (Wang and Nancollas, 2008)), and can easily be transformed to the more stable phases of 
octacalcium phosphate (OCP, Ca8H2(PO4)6.5H2O) and hydroxyapatite (HAP, Ca10(PO4)6(OH)2) 
(Boanini et al., 2010). For example, in soils with pH above 6.3, brushite hydrolyzes to OCP over time 
(Grossl and Inskeep, 1991; Hedley and McLaughlin, 2005; Ippolito et al., 2003). The formation of 
HAP and OCP has been reported to be identified by X-ray absorption near-edge structure (XANES) 
spectroscopy and found to comprise up to 85% of the total P in slightly alkaline soils with pH values 
around 7.5 (Beauchemin et al., 2003). The dissolution of these Pi minerals is also controlled by pH. 
For example, the solubility of Fe and Al phosphates increase with increasing pH, whilst solubility of 
Ca phosphates decrease with increasing pH, except for pH values above 8 (Fig. 2.4). The Pi minerals 
formed in soils are usually of poor crystallisation, forming small particles without any typical 
morphology (Lindsay et al., 1989), because that the presence of metal cations, inorganic, or organic 
ligands in soils can poison the nucleation sites of P minerals (Arvieu and Bouvier, 1974; Calvet et al., 
1980).  
 
Fig. 2.4. Solubility diagram of various P minerals: dicalcium phosphate dihydrated (DCPD, 
CaHPO4·2H2O), octacalcium phosphate (OCP, Ca4H(PO4)3·2.5H2O), hydroxyapatite (HAP, 
Ca5(PO4)3OH), variscite (AlPO4·2H2O) and strengite (FePO4·2H2O). The activities of 
orthophosphate ions are expressed on a log scale (molar) (Hinsinger, 2001). 
 10 
 
Table 2.2. Solubility reactions and constants (pKsp values) for the major Ca-P minerals at 25°C  
(Smith et al., 2004). 
Ca-P minerals Dissolution reactions pKsp 
Brushite CaHPO4.2H2O(s) ⇋ Ca2+ + PO43- + H+ + 2H2O 19.28 
β-tricalcium 
phosphate 
β-Ca3(PO4)2(s) ⇋ 3Ca2+ + 2PO43- 28.92 
Octacalcium P Ca8H2(PO4)6.5H2O(s) ⇋ 8Ca2+ + 6PO43- + 2H+ + 5H2O 94.16 
Hydroxyapatite Ca10(PO4)6(OH)2(s) + 2H+ ⇋ 10Ca2+ + 6PO43- + 2H2O 116.66 
 
2.3.3 Organic P compound 
Organic P (Po) accounts for 20-80% of total P in weathered soils. The primary composition of the 
active soil Po cycle is biomass P. Predators or saprophytes can take up biomass P directly and 
incorporate it into new consumer biomass (Coleman et al., 1983). Soil organisms can take up organic 
P through secretion or cell lysis. After hydrolysis, soil Po can also be taken up by plants. Alternatively, 
it can be stabilised as part of the SOM through its organic moiety, or by interacting the phosphate 
group with soil minerals. For instance, phosphodiesters may form associations through their organic 
moiety, whereas monoesters have higher tendency to bind onto positively charged sites through the 
reactive -OPO32- in presence of organic matter, clays, Fe/Al oxides, or free cations in the soil solution. 
Individual P compounds associated with SOM and mineral compounds have so far not been 
completely identified. The identified phosphate esters such as phospholipids (Kowalenko and 
McKercher, 1970), phosphatidyl choline (Hance and Anderson, 1963), glycerol phosphates and 
nucleic acids (Johnson et al., 1970), account for less than 1 or 2 % of the total soil P (Torsvik and 
Goksoyr, 1978). It has been found that up to one third of the soil Po is inositol P in diverse associations 
with humic and fulvic acids or as metal complexes (Baker, 1977; Grindel and Zyrin, 1965; McKercher 
and Anderson, 1968). Besides, some phosphonates have been identified in SOM that developed under 
moist environment in Norway and New Zealand (Newman and Tate, 1980; Ogner, 1983). 
Polyphosphate (Anderson and Russell, 1969; Ghonsikar and Miller, 1973) and other non-
orthophosphate Pi (Beever and Burns, 1980) could occur in soil and microbial tissue. Other 
unidentified soil P consists of orthophosphates that are loosely absorbed onto SOM (Carloni and de 
Sa, 1978) or bound through metal bridges instead of covalent bonding (Dormaar and Webster, 1963; 
Fares et al., 1974; Grindel and Zyrin, 1965). Recently, McLaren et al. (2015) separated the Po into 
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two molecular weight fractions: the high molecular weight fraction (>10 kDa) and the low molecular 
weight fraction (<10 kDa) using 31P nuclear magnetic resonance spectroscopy. The results of these 
authors showed that across the five soils examined, the majority (61-73%) of soil Po was 
phosphomonoesters in high molecular weight fraction. Similarly, Adams et al. (2018) reported that P 
content in the heavy fraction (HF) was substantially higher than that in the light fraction (LF) for 20 
soils, with the average P:C ratio of HF SOM exceeding that of LF SOM by a factor of six. These 
results demonstrate the need to better understand the state of Po fraction especially in high molecular 
weight materials (i.e. mineral-associated SOM, phosphomonoesters). 
 
 
Fig. 2.5. Changes in form and concentration of soil P with time (Walker and Syers, 1976). 
Losses of Po could occur during long-term cropping due to cultivation and product removal (Fig. 
2.5). Haas et al. (1961) examined P loss in soils under cultivation from North American prairie and 
found the Po contents of the soils decreased by an average of 27% whilst no losses of Pi were observed. 
Hedley et al. (1982) used a sequential extraction technique to study changes in Pi and Po fractions 
after 65 y of cropping in a wheat-wheat-fallow, and discovered that total P content of the cultivated 
soil was 29% lower than that of the adjacent permanent pasture. Of the total P lost, 74% was Po and 
residual P, among which, 22% came from the extractable Po forms, and 52% was from stable P. Dalal 
(1997) examined P in Australian Vertisols originally vegetated with brigalow (Acacia harpophylla F. 
Muell. ex Benth) vegetation and cultivated for cereal (caryopsis) cropping, and found that after 10 
and 45 y of continuous cereal cropping, total P declined by 19 and 61%, Pi by 17 and 57%, and Po 
by 23 and 69%. A recent study by (Kopittke et al., 2018) examined changes of P in five soils cropped 
for ≤70 y with low rates of P fertiliser inputs, and found that for four of the five soils, although 
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concentrations of Pi remained relatively constant, concentrations of Po decreased by 20-36 % with 
increasing of cropping period. 
Stabilised soil Po re-enters the transformation cycle of P through the bio-mineralization of SOM 
(McGill and Christie, 1983). Due to the requirements of energy by the organisms involved in this 
process, soil C is mostly lost as respired CO2. Alternatively, P esters can be hydrolysed by 
extracellular enzymes independent of C turnover in a purely biochemical mineralization (McGill and 
Cole, 1981). During Po mineralization, the accessibility to enzymatic hydrolysis of the R-OPO32- 
groups on the surface of SOM associations may vary under different conditions, thus a wide range of 
C to P ratios can be observed in soils (Blair and Boland, 1978). The enzymatic hydrolysis will be 
interfered by strong phosphate interactions with sesquioxides or SOM, since phosphatases bind 
directly to this terminal group, possibly involving divalent metal cofactors (Nath, 1969). 
2.3.4 Bioavailable P 
The main factors controlling the availability of soil P to plants are the concentration of Pi ions in 
the soil solution and the capability of the soil to replenish these ions when plant roots remove them, 
i.e. the desorption of P from soil solid phases is generally faster in soils with a higher P buffer indices 
(PBI). The Pi ions are highly reactive with soil constituents and thus the concentration of P in soil 
solution is normally low (Johnson and Cole, 1980; Richardson and Simpson, 2011; Smith et al., 1998). 
For example, large amounts of P ions can bind strongly to clay and soil minerals, forming relatively 
insoluble and plant unavailable compounds. Indeed, P concentrations in the soil solution normally 
range from 0.1 and 10 μM in unfertilised soils (Frossard et al., 2000; Mengel and Kirkby, 1987; 
Ozanne, 1980; Raghothama, 1999) and up to 50 µM in highly fertilised soils (Wheeler and Edmeades, 
1995). The optimal P concentrations for plant growth are in the range of several to tens µM for a 
variety of species, including soybean, pea (Lathyrus sativus), cotton, potato (Solanum tuberosum), 
spinach (Spinacia oleracea), onion (Allium cepa) or tomato (Lycopersicon esculentum) (Asher and 
Loneragan, 1967; Föshe et al., 1988). Given that concentrations of P in the soil solution are low, 
continuous replenishment from labile P pool to soil solution is required to satisfy plant needs. This 
replenishment comes from either inorganic P (through the release of P from both the dissolution of 
Pi minerals and desorption of P from inorganic soil surfaces) and from organic P (from the 
mineralisation of organic P). Soil pH plays a critical role in P distribution of P in soils by altering the 
adsorption/desorption and precipitation/dissolution equilibrium (as described above), thus controlling 
the process of replenishing P into soil solution. The extent of these reactions for specific minerals that 
attain equilibrium can be estimated by considering their solubility product constants, Ksp, and the ion 
activity products, IAP. Dissolution of Pi compounds occurs when undersaturated (IAP < Ksp) 
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conditions exist in the soil solution with respect to these compounds, while precipitation occurs when 
the soil solution is supersaturated (IAP > Ksp) with respect to the Pi components. 
The concentration of P in soil solution around rooting zone varies with the supply of P in the soil 
solution and the uptake by the plant (Hinsinger, 1998; Jungk, 1996). Plant roots can both deplete and 
accumulate Pi in the rhizosphere, altering soil P bioavailability to the plant. Generally, the 
bioavailability of soil P is likely to be much higher when plants can efficiently take up P at low P 
concentrations. In order to acquire P, plant roots need to out-compete the soil solid phase for the 
retention of P ions (Hinsinger and Gilkes, 1996; Parfitt, 1978). Such abilities differ substantially 
between plant species. Indeed, as is shown by Asher and Loneragan (1967), plant species differed 
markedly in regard to their external P requirements, for instance, the minimum solution P level to 
achieve optimal plant growth: the adequate concentration is 1-5 μM for grasses, and up to 5-60 μM 
for the least efficient species (i.e. tomato, pea, potato and cotton). Species such as perenial ryegrass 
(Lolium perenne) have an even lower requirement for P (in the order of 0.1 μM), which makes them 
highly competitive when acquiring soil P in soils containing low P (Breeze et al., 1984). Root cells, 
including root hairs and epidermis, the cells of the root cap, and the outer layers of the cortex, play a 
dominant role in taking up P from the soil solution. A considerable research effort has investigated 
the kinetics of the uptake of inorganic P by root cells (Raghothama, 1999). A dual uptake system has 
been found, with high affinity transporters functioning at concentrations of P in the micro-molar range, 
and low affinity transporters function at concentrations of P in the millimolar range. However, as 
demonstrated by Dong et al. (1999) and , given the low concentration of P in soil solutions, only the 
high affinity system is likely to operate in the rhizosphere. Under low P supply (Smith et al., 2011) 
or Zn deficiency (Huang et al., 2000), this high affinity system can be induced (Dong et al., 1999; 
Raghothama, 1999; Smil, 2000).  
Besides the ability to deplete soil P (Föshe et al., 1988; Hinsinger and Gilkes, 1996), plants can 
also accumulate extractable P fractions in the vicinity of absorbing roots. For example, an increase in 
the concentrations of soluble P in the rhizosphere was measured by Grinsted et al. (1982) and Kirk et 
al. (1999), during the growth of rapeseed (Brassica napus) and rice (Oryza sativa). Similarly, an 
increase of NaOH-extractable P in the rhizosphere of various species supplied with P as phosphate 
rock has been reported by Hinsinger and Gilkes (1996). With the same approach and a finer scale of 
investigation, Hinsinger and Gilkes (1997) observed that NaOH-extractable P in the rhizosphere of 
ryegrass was lower in the immediate vicinity of the roots (at less than 0.5 mm) with a marked increase 
further away from the roots. Hübel and Beck (1993) used autoradiography of labelled P and further 
examined the occurrence of such complex profiles of soil P in the rhizosphere. These could be caused 
by root exudates (i.e. low-molecular-weight organic acids), which diffuse away from the root surface 
and can lead to an increased dissolution of some soil P species around the rooting zone, thus resulting 
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in an increase of the P concentration in soil solution in the rhizosphere. Thus a complex P 
concentration profile may eventually occur based on the relative rates of the diverse processes 
involved in the system, exhibiting a small decrease away from the immediate vicinity of the roots 
with a maximum P concentration near the root surface. This means that in the accumulation zone Pi 
ions could diffuse toward the absorbing root but also away from them (Kirk et al., 1999).  
2.4 Physiological changes in plants in response to variable P supply  
Plant root geometry and morphology play a vital role in the uptake of nutrients including P, due to 
their direct influence on the surface area available for soil exploration and acquisition of nutrients - 
root systems with a higher surface area to volume ratio are more capable of exploring a larger volume 
of soil to acquire nutrients (Lynch, 1995). This capacity is also enhanced by mycorrhizae and root 
clusters (proteoid roots), which can also exude organic acids that acidify the soil and mobilize P 
(George et al., 1995; Hayman and Mosse, 1972). The Pi transporters directly participate in the 
transport of P, thus the expression and activation of Pi transporters is another important factor in 
regards of P uptake (Ai et al., 2009; Chen et al., 2008). Plants have developed specialized 
physiological and biochemical mechanisms in response to variable P availability in the rhizosphere. 
2.4.1 Modification of root systems 
Modification of root growth and architecture in response to P starvation has been well documented 
(Lynch, 1995; Lynch and Brown, 1998). An increase in the root-shoot ratio is a typical response of 
plant under P deficiency – plant roots with a higher surface area are more efficient in the soil-
exploration and uptake of Pi. Two methods by which plants can increase the ratio include increased 
root mass and decreased root diameter. Another response to P deficiency is increased influx rates. 
Among the seven plant species examined by Föshe et al. (1988), rapeseed (Brassica napus) and 
spinach were found to be highly efficient in P uptake due to their high influx rates while onion, tomato, 
and bean (Phaseolus vulgaris) were of low efficiency due to their low influx rates and low root-shoot 
ratios. Among different bean genotypes, the ones with greater efficiency in P uptake have a highly 
branched, actively growing root system compared to those which are low efficient, this highly 
suggests that P acquisition is strongly influenced by root architectural traits (Lynch and Beebe, 1995). 
A significant difference in Pi uptake is also attributed to the production of more root hairs under 
Pi deficiency (Föshe et al., 1991). In low P soils, root hairs account for up to 90% of the total Pi 
acquired by plants. Root hairs have a smaller diameter and grow perpendicular to the root axis, which 
allows better exploration of soil due to enhanced absorptive surface area. 
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2.4.2 Mycorrhizal associations and root clusters 
A large proportion (82%) of higher plant species are able to form a symbiotic association with a 
mycorrhizal fungus (Brundrett, 2002). Under P-deficient conditions, mycorrhizal symbiosis enhances 
uptake of P by plants, especially when the plant species has a root system that is relatively coarse 
with few root hairs, e.g. in citrus (Citrus) species (Graham and Eissenstat, 1994). It has also been 
demonstrated that the mycorrhizal symbiosis can cause down-regulation (in other words, decreasing) 
of the roots’ high-affinity Pi transporters (Smith et al., 2003), although further work is required in this 
regard. Over 90% of plant species form mycorrhizal symbioses that improve acquisition of scarce 
minerals. The fungal hyphae delivers up to 80% of plant P despite a considerable carbon-cost to the 
plant (Bucher, 2007). Therefore, the presence of high or low populations of vesicular arbuscular 
mycorrhizal fungi may alter crop response to P fertilisers, varying crops’ responses to P (Hibberd et 
al., 1991a; Hibberd et al., 1991b). 
Of those limited number of plant species that do not form a mycorrhizal symbiosis, some have 
specialized root clusters (Fig. 2.6) such as proteoid and dauciform root clusters, which are specialized 
physiology response in the case of low P availability. These specialized adaptations are not restricted 
to non-mycorrhizal species. The dense clusters of fine lateral roots not only increase the explored soil 
volume but also associate with rapid rates of carboxylate exudation, which can dissolve the sparingly 
soluble calcium phosphates. 
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Fig. 2.6. Root-cluster morphologies induced in Proteaceae (A, B), Restionaceae (G, H, I), 
Cyperaceae (C, D) and Fabaceae (E, F) by a low supply of P. Taken from Lambers et al. (2006). 
2.4.3 High-affinity Pi transporters 
Phosphate transport in plants exhibits distinctive uptake kinetic properties in soils with low (µM) 
and high (mM) concentration of P. High affinity Pi transporters are membrane-associated proteins 
translocating Pi from an external media containing low available Pi (µM) to the cytoplasm. Phosphate 
transporter genes, which include AtPT1 (also named as APT2 and PHT1), APT1 (also named as 
PHT2), AtPT2 (also named as PHT4), AtPT4 (also named as PHT3), PHT5 and PHT6, are encoded 
by a small family of genes in the genome (Muchhal et al., 1996). Significant structural similarity of 
Pi transporters of plant, yeast, Neurospora, and the mycorrhizal fungi (Glomus versiforme) is found 
by comparing the deduced amino acid sequences and hydropathy plots (Muchhal et al., 1996). The 
cloned Pi transporters are all integral membrane proteins consisting of 12 membrane-spanning 
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regions, separated into two groups of six by a large hydrophilic charged region, a common feature 
shared by many proteins involved in transport of sugars, ions, antibiotics, and amino acids (Griffith 
et al., 1992; Henderson, 1993). Plant Pi transporters belong to subfamily 9 of the Major Facilitator 
Super family (MFS) (Pao et al., 1998). It has been recognised that the Pi transporters isolated from 
plants and fungi are members of a phylogenetically closely related family (Muchhal et al., 1996). 
Plant Pi transporters have a pH optimum of 4.5 to 5.0 in the yeast expression system (Daram et al., 
1998; Leggewie et al., 1997) which is comparable to the optimal pH range for Pi uptake in plants. 
H2PO4- is preferential acquired as P nutrition over HPO42- by the transporters under this pH optimum. 
Pi transport is hypothesised to be driven by the pH gradient across the plasma membrane (Ullrich-
Eberius et al., 1984). 
Expression of high and low affinity Pi transporters greatly depends on P supply (Ai et al., 2009; 
Chen et al., 2008). The promoters of the genes encoding the high-affinity transporter and the acid 
phosphatase in Arabidopsis thaliana is found to contain the same short sequence with the binding site 
for a transcription activator for P-deficiency-induced genes (Rubio et al., 2001). It is reported that the 
expression of the cloning of two genes that encodes small purple acid phosphatases (PvPAP3, 
PvPAP4) in common bean is increased in both leaves and roots under P-starvation and this correlates 
well with both P acquisition and growth of progeny derived from a cross between P-efficient (G19833) 
and P-inefficient (DOR364) lines reported in a previous field experiment conducted with a low P 
supply (Liao et al., 2004; Tian et al., 2009).  
However, it is suggested that it is of adaptive significance to down-regulate Pi transporters under 
high Pi concentration rather than to upregulate Pi transporters under Pi deficiency. Species with low 
capability to adjust their Pi uptake capacity in response to variable rhizosphere Pi concentration show 
signs of P toxicity at elevated Pi supply (Shane et al., 2004a; Shane and Lambers, 2006; Shane et al., 
2004b).  
2.5 Plant nutrition issues in relation to P fertilisers  
The most common P fertilisers, including TSP (Ca[H2PO4]2), monoammonium phosphate (MAP, 
NH4H2PO4), diammonium phosphate (DAP, [NH4]2HPO4), ammonium polyphosphate liquid (APP, 
[NH4PO3]n), are highly soluble. When the soluble P fertiliser is added, a large proportion is generally 
rapidly converted to forms of reduced availability to plants. As a result, several additions of P 
compounds may be required over the life cycle of a crop in order to maintain adequate levels of P to 
meet plant nutrition. Repeated over years, this can lead to soil P saturation and decreased sorption 
capacity (Mozaffari and Sims, 1994), which may eventually lead to enhanced P losses (i.e. P lost to 
water) (Ulén, 2006). Indeed, it has been reported that only 10-20% of the P which is applied as 
fertiliser to soils is actually absorbed by plants (Holford, 1997), with the remaining 80-90% 
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transformed through specific adsorption on the surface of clay minerals and Fe/Al oxides and 
hydroxides, and precipitation with Fe/Al and Ca minerals (Folle et al., 1995). In addition, surface 
applications of conventional P fertilisers often result in an accumulation of P in the topsoil, which 
further reduces the amount of P taken up by the plants. Indeed, it was calculated that 80-90% of the 
applied P had been retained in the 0-23 cm soil layer on five experimental plots, whereas roots explore 
as little as 25 % of the topsoil in growing seasons. Thus, the quantity of P available to the plants is 
largely dependent on the P movement to the root surface. The mobility of phosphate ions is very 
limited, with the movement of H2PO4- being at an average value of 1 × 10-13 m2 s-1 (0.13 mm per day) 
by diffusion.  
In recent years, direct application of RP to soils as a P fertiliser has received increasing attention, 
since it creates a way to use cheap sources in low-input agricultural systems (Chien et al., 2009; 
Hammond et al., 1986). Apatites, as one of the most abundant phosphates in nature, are of potential 
value for direct application to the soil. The use of RP as an alternative to conventional water-soluble 
P fertilisers for acidic and strongly P adsorbing soils has been studied (Casanova et al., 2002; 
Hammond et al., 1986; Sanchez and Uehara, 1980). However, the effectiveness of these sparingly 
soluble P fertilisers needs to be further evaluated. The effectiveness of P fertilisers vary largely 
depending on their solubility. Generally, the higher the water solubility, the more effective the P 
source. For example, Fe-Al-P compounds with low solubility found in acidulated P fertilisers showed 
less effectiveness compared with water-soluble phosphorus compounds in superphosphates and 
ammonium phosphates in preliminary agronomic studies (Gilkes and Lim-Nunez, 1980; Gilkes and 
Mangano, 1983; Mullins et al., 1990; Prochnow et al., 1998; Sikora et al., 1991).  
2.6 Environmental issues in relation with P fertilisers 
Long-term, continuous fertilisation can result in the accumulate of P in surface soils, which is a 
major source of soluble and particulate forms of P that subsequently enter water resources, degrading 
water quality (Daniel et al., 1998). The risk of losses to rivers and lakes increases with the increasing 
input of fertilisers to soils (Pautler and Sims, 2000; Sibbesen and Sharpley, 1997). Losses of P are 
usually high during events with high water flow, such as intensive rainfall (Edwards and Owens, 1991) 
and snowmelt (Su et al., 2011; Ulén, 2003), resulting in eutrophication and hypoxia of lakes and 
marine estuaries (Bumb and Baanante, 1996; Runge-Metzger, 1995). Eutrophication is defined as 
over-enrichment of mineral nutrients in waters, which leads to excessive production of autotrophs, 
especially algae and cyanobacteria. The results of this high productivity include high bacterial 
populations and high respiration rates, which cause hypoxia or anoxia in waters with insufficient 
mixing conditions. Low dissolved oxygen will result in the loss of aquatic animals and deterioration 
of water quality (Correll, 1998). A serious algal bloom occurring in Lake Erie (North America) in 
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2014 forced one of the Ohio's large cities (440,000 in population) to ban use of drinking water for 2 
d. Algal blooms in Australian freshwaters cost the community AUD$180-240 million every year, 
which are incurred by urban water users, dryland farmers and irrigators in roughly equal proportions 
(Davis and Koop, 2006). 
It has been long acknowledged that heavy use of N and P fertilisers are the major anthropogenic 
factors aggravating eutrophication problems in surface freshwater bodies and coastal ecosystems 
around the world (Conley et al., 2009; Correll, 1998). According to Schindler et al. (2008), P was the 
primary factor of eutrophication during a long term experiment at Lake 227 (Canada) in the early 
1970s (Alberts et al., 1974).  
Some amendments reducing P loading in waters have been made to control eutrophication, yet 
further steps are imperative. A limit of 0.05 mg/L for total phosphates in streams that enter lakes and 
0.1 mg/L for total P in flowing waters are recommended by the US EPA (Mueller et al., 1996). 
Reductions in P loading have been suggested to limit phytoplankton growth in the plume of the 
Mississippi River in the northern Gulf of Mexico (Sylvan et al., 2007). Most research and mitigation 
efforts to reduce P losses from agricultural soils have focused on surface runoff and erosion. However, 
the importance of P losses through leaching has received increasing attention during recent decades. 
Some early studies showed that leached P can be significantly increased by intensive agriculture 
(Braun et al., 1994; Daniel et al., 1998; Sharpley and Rekolainen, 1997; Sharpley, 1995; Sibbesen, 
1995; Sibbesen and Sharpley, 1997; Van der Molen et al., 1998). 
According to the information presented above, it is clear that additional research is required for 
the development of innovative P fertilisers that minimize environmental disruptions whilst also 
enabling continued sustainable global development. 
2.7 Application of nanotechnology for fertilisers 
Nanotechnology has been proposed as an emerging field in the study of fertilisers (Ghormade et 
al., 2011; Gogos et al., 2012; Nair et al., 2010). Nanomaterials are defined as materials that have at 
least one dimension < 100 nm (Powers et al., 2006). Due to their size-dependent qualities and high 
surface-to-volume ratio, nanomaterials hold great promise regarding their application in plant 
nutrition. Elemental S, for example, is commonly used as a S fertiliser and must be oxidised before 
being absorbed by plants. The particle size of elemental S is known to greatly affect its oxidation rate, 
with oxidation rate increasing with decreased particle size (Janzen and Bett any, 1986; Donald and 
Chapman, 1998). 
Transformations of nutrients in soil are concentration dependent. An application of conventional 
soluble fertilisers results in an immediate high concentration of the ion of interest within the soil 
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solution (Abt et al., 1997; Shaviv and Mikkelsen, 1993), exceeding the plant’s uptake ability and 
evoking processes that will decrease its availability in the soil. Such processes include adsorption on 
the surface of clay minerals and Fe/Al oxides (in acidic soils), precipitation with Ca minerals (in 
neutral-to-calcareous soils), and physical processes (i.e. leaching, runoff, and volatilization). 
Nanomaterials are potentially slow release fertilisers, which could limit the immobilization of 
nutrients in the soil and better synchronize the release of nutrients with plant demand. Compared to 
conventional soluble fertilisers, nanomaterial-mediated fertilisers potentially have slower release 
rates of nutrients, decreasing their loss and enhancing the efficiency of fertiliser usage. Furthermore, 
this sustained release of the nutrient of interest can also be beneficial to crop growth. Although the 
total nutrient requirement and specific periods of peak demand are specific to each crop and variety, 
the pattern of macronutrient uptake by seasonal crops is generally sigmoidal (Christianson, 1988; 
Nielsen, 1983; Sabbagh et al., 1989; Shoji and Kanno, 1994). Therefore, synchronizing P supply with 
plant demand using a sigmoidal pattern of supply will likely provide optimal nutrition for plant 
growth and reduce losses by the processes competing with nutrient uptake (Hauck, 1985; Oertli, 1980; 
Shaviv, 1993).  
The dissolution rate is expected to be higher for NPs than for micrometre scale particles like RP 
due to the much smaller particle sizes and higher specific surface areas of the former (Fig. 2.7). 
Limited previous studies have examined the use of HA-NPs (Ca10(PO4)6(OH)2) as a potential 
alternative P fertiliser. For example, Liu and Lal (2014) assessed the effect of carboxymethyl 
cellulose (CMC) stabilised HA-NPs with 16 nm in size on soybean growth in inert growing medium 
(50% perlite and 50% peat moss) through a greenhouse. These authors found that application of NPs 
increased the growth rate by 33% and seed yield by 20%, in comparison with those with a regular P 
fertiliser (Ca(H2PO4)2). The production of biomass was enhanced by 41% for the below-ground and 
18% for the above-ground component, potentially indicating that soybean roots can use HA-NPs as 
an effective P nutrient source. Montalvo et al. (2015) found that for two acid and strongly P-sorbing 
soils, an Andisol and an Oxisol, although HA-NPs were more effective than bulk hydroxyapatite 
(bulk HAP), TSP was still the most efficient fertiliser. Furthermore, the mobility of HA-NPs was 
higher than TSP in the Andisol, whereas an opposite result was found in the Oxisol.  
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Fig. 2.7. A schematic comparison of soluble P, nano-sized solid P, and regular solid P (micrometer-
sized) fertilisers on their properties (Liu and Lal, 2014). 
2.8 Synthesis and surface modification of HA-NPs 
There are several methods of synthesising HA-NPs crystals, including wet chemical deposition, 
biomimetic deposition, sol-gel and electrodeposition (Webster et al., 2000). A typical wet chemical 
precipitation reaction occurs as follows, as proposed by Bouyer et al. (2000). 
10Ca(OH)2 + 6H3PO4 → Ca10(PO4)6(OH)2 +18H2O                                                    [2-1] 
The shape, size and specific surface area of the HA-NPs synthesised by this method varied with 
the reactant addition rate and the reaction temperature. The reactant addition rate determines the 
purity of the obtained HA-NPs and is strongly related to the final pH at the end of the reaction, and 
to the stabilization of the suspension. Whether the crystals are monocrystalline or polycrystalline is 
determined by the reaction temperature. Monocrystalline HA-NPs are synthesised at low temperature 
(T < 60 °C), while polycrystalline HA-NPs form at relative high temperature (T > 60 °C) (Ferraz et 
al., 2004; Webster et al., 2000).  
Dispersing agents can be added before the reaction to generate homogeneous precipitation (Ferraz 
et al., 2004; Webster et al., 2000): 
Ca(EDTA) 2- + 3/5 HPO42- + 2/5 H2O →1/10 Ca10(PO4)6(OH)2 + HEDTA3- + 1/5 OH- [2-2] 
Ultrasonic irradiation is another common used method to obtain more homogeneous HA-NPs (Cao 
et al., 2005; Poinern et al., 2009; Zhou and Lee, 2011). The properties of HA-NPs are determined by 
their size and shape as well as their surface charge, especially in soils which contain numerous 
charged particles. Motskin et al. (2009) prepared less negatively charged (closer to neutral) and 
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rodlike HA-NPs and observed that it had an appreciable advantage over spherical shape nanoparticles 
in terms of cellular uptake. Chen et al. (2011) modified HA-NPs with carboxylic acids to obtain 
various particles with different surface charges: positive charged HA-NPs was processed through 12-
aminododecanoic acid whilst negative charged ones were obtained using dodecanedioic acid. 
2.9 Research questions 
From the proceeding review, it is essential to develop strategies to optimise P management and 
improve P fertiliser-use efficiency, by matching the properties of the P fertiliser with the physical and 
chemical properties of the soil, in order to reduce the consumption of chemical P fertilisers. Because 
of the general low P concentration in soil solution and low P mobility, the concentrations of available 
P largely depend on the rate at which P is replenished into the soil solution, and the mobility of P 
down in soil profile. It is useful to consider HA-NPs, which potentially provide a compromise 
between release rate and mobility, thereby enabling nutritional requirements of the plants to be met 
while also increasing the efficiency of uptake (i.e. decreasing the reaction of P within soils) and 
decreasing adverse environmental outcomes. Previous research regarding the use of HA-NPs as P 
fertilisers is limited, with just two articles available in the scientific literature (refer to 2.7). Much 
remains unknown, and thus further studies are required to better understand the suitability of HA-
NPs as novel P fertilisers. The following aspects are of particular significance: the release dynamics 
and mobility of P when applying HA-NPs to soils, and the effectiveness of HA-NPs for improving 
plant growth in various soils. Of particular interest, it is important to determine whether the surface 
charge of HA-NPs could influence the interaction of P with the soil constituents, thus altering P 
release dynamics, transport of P in soil columns, and the fertiliser effectiveness for plants. According 
to these research gaps, four experiments were conducted based on four hypotheses (refer to Chapter 
1). It is hoped that the outcomes of this study will assist in exploring the suitability of utilising HA-
NPs as P fertilisers, thus developing better P fertiliser strategies to enhance the efficiency of P usage 
as well as minimising environmental contamination.  
 
  
 23 
 
Reference 
Abt, I., Ahmed, T., Aid, S., Andreev, V., Andrieu, B., Appuhn, R.-D., Arnault, C., Arpagaus, M., 
Babaev, A., Bärwolff, H., 1997. The tracking, calorimeter and muon detectors of the H1 
experiment at HERA. Nuclear Instruments and Methods in Physics Research Section A: 
Accelerators, Spectrometers, Detectors and Associated Equipment 386(2), 348-396. 
Ai, P., Sun, S., Zhao, J., Fan, X., Xin, W., Guo, Q., Yu, L., Shen, Q., Wu, P., Miller, A.J., 2009. Two 
rice phosphate transporters, OsPht1; 2 and OsPht1; 6, have different functions and kinetic 
properties in uptake and translocation. The Plant Journal 57(5), 798-809. 
Alberts, J.J., Schindler, J.E., Miller, R.W., Nutter, D.E., 1974. Elemental mercury evolution mediated 
by humic acid. Science 184(4139), 895-897. 
Alkema, J., Seager, S.L., 1982. The chemical pigments of plants. J. Chem. Educ. 59(3), 183. 
Anderson, G., Russell, J., 1969. Identification of inorganic pyrophosphate in alkaline extracts of soil. 
J. Sci. Food Agric. 20(2), 78-81. 
Antelo, J., Arce, F., Avena, M., Fiol, S., López, R., Macías, F., 2007. Adsorption of a soil humic acid 
at the surface of goethite and its competitive interaction with phosphate. Geoderma 138(1-2), 
12-19. 
Arvieu, J., Bouvier, O., 1974. Chemical processes in the evolution of phosphates in calcareous soils. 
Science du Sol 74, 207-224. 
Asher, C., Loneragan, J., 1967. Response of plants to phosphate concentration in solution culture: I. 
Growth and phosphorus content. Soil Sci. 103(4), 225-233. 
Badri, D.V., Loyola-Vargas, V.M., Broeckling, C.D., De-la-Peña, C., Jasinski, M., Santelia, D., 
Martinoia, E., Sumner, L.W., Banta, L.M., Stermitz, F., 2008. Altered profile of secondary 
metabolites in the root exudates of Arabidopsis ATP-binding cassette transporter mutants. 
Plant Physiol. 146(2), 762-771. 
Baker, R.T., 1977. Humic acid-associated organic phosphate. New Zealand Journal of Science (New 
Zealand). 
Bar-Yosef, B., Rosenberg, R., Kafkafi, U., Sposito, G., 1988. Phosphorus adsorption by kaolinite and 
montmorillonite: I. Effect of time, ionic strength, and pH. Soil Sci. Soc. Am. J. 52(6), 1580-
1585. 
Batjes, N., Sombroek, W., 1997. Possibilities for carbon sequestration in tropical and subtropical 
soils. Glob. Chang. Biol. 3(2), 161-173. 
Beauchemin, S., Hesterberg, D., Chou, J., Beauchemin, M., Simard, R.R., Sayers, D.E., 2003. 
Speciation of phosphorus in phosphorus-enriched agricultural soils using X-ray absorption 
near-edge structure spectroscopy and chemical fractionation. J. Environ. Qual. 32(5), 1809-
1819. 
Beever, R.E., Burns, D., 1980. Phosphorus uptake, storage and utilization by fungi. Academic Press. 
 24 
 
Bieleski, R., 1973. Phosphate pools, phosphate transport, and phosphate availability. Annual review 
of plant physiology 24(1), 225-252. 
Blair, G., Boland, O., 1978. The release of phosphorus from plant material added to soil. Soil Res. 
16(1), 101-111. 
Boanini, E., Gazzano, M., Bigi, A., 2010. Ionic substitutions in calcium phosphates synthesized at 
low temperature. Acta Biomater. 6(6), 1882-1894. 
Bolan, N., Barrow, N., 1984. Modelling the effect of adsorption of phosphate and other anions on the 
surface charge of variable charge oxides. J. Soil Sci. 35(2), 273-281. 
Bouyer, E., Gitzhofer, F., Boulos, M., 2000. Morphological study of hydroxyapatite nanocrystal 
suspension. J. Mater. Sci. Mater. Med. 11(8), 523-531. 
Brady, N., Weil, R., 2007. The colloidal fraction: seat of soil chemical and physical activity. The 
Nature and Properties of Soils, 14th ed. Prentice Hall, 310-357. 
Braun, M., Hurni, P., Spiess, E., 1994. Phosphorus and nitrogen surpluses in agrciulture and 
parastream for lakes. Schriftenreihe der FAC 18. 
Breeze, V., Wild, A., Hopper, M., Jones, L., 1984. The uptake of phosphate by plants from flowing 
nutrient solution ii. Growth of loliumperennel at constant phosphate concentrations. J. Exp. Bot. 35(8), 
1210-1221. 
Brundrett, M.C., 2002. Coevolution of roots and mycorrhizas of land plants. New Phytol. 154(2), 
275-304. 
Bucher, M., 2007. Functional biology of plant phosphate uptake at root and mycorrhiza interfaces. 
New Phytol. 173(1), 11-26. 
Buckingham, D., Jasinski, S., 2006. Phosphate rock statistics. Historical Statistics for Mineral and 
Material Commodities in the United States, Data Series 140. 
Bumb, B.L., Baanante, C.A., 1996. The role of fertilizer in sustaining food security and protecting 
the environment to 2020. Intl Food Policy Res Inst. 
Cakmak, I., 2002. Plant nutrition research: Priorities to meet human needs for food in sustainable 
ways. Plant Soil 247(1), 3-24. 
Calvet, R., Tercé, M., Arvieu, J., 1980. Bibliographical review. Adsorption of pesticides by soils and 
their constituents. I. Description of the phenomenon of adsorption, Annales agronomiques, 
pp. 33-62. 
Cao, L.Y., Zhang, C.B., Huang, J.F., 2005. Synthesis of hydroxyapatite nanoparticles in ultrasonic 
precipitation. Ceram. Int. 31(8), 1041-1044. 
Carloni, L., de Sa, M.G.L., 1978. Ricerche sul fosoro organico in alcuni terreni toscani. Agricultura 
Italiana 107, 151-158. 
Casanova, E., Salas, A., Toro, M., 2002. Evaluating the effectiveness of phosphate fertilizers in some 
Venezuelan soils. Nutr. Cycl. Argoecosys. 63(1), 13-20. 
 25 
 
Chen, L., Mccrate, J.M., Lee, J.C., Li, H., 2011. The role of surface charge on the uptake and 
biocompatibility of hydroxyapatite nanoparticles with osteoblast cells. Nanotechnology 
22(10), 105708. 
Chen, Y.F., Wang, Y., Wu, W.H., 2008. Membrane transporters for nitrogen, phosphate and 
potassium uptake in plants. J. Integr. Plant Biol. 50(7), 835-848. 
Chien, S., Prochnow, L., Cantarella, H., 2009. Recent developments of fertilizer production and use 
to improve nutrient efficiency and minimize environmental impacts. Adv. Agron. 102, 267-
322. 
Christianson, C., 1988. Factors affecting N release of urea from reactive layer coated urea. Fert. Res. 
16(3), 273-284. 
Coleman, D.C., Reid, C., Cole, C., 1983. Biological strategies of nutrient cycling in soil systems. Adv. 
Ecol. Res. 13, 1-55. 
Condron, L.M., Newman, S., 2011. Revisiting the fundamentals of phosphorus fractionation of 
sediments and soils. J. Soils Sed. 11(5), 830-840. 
Conley, D.J., Paerl, H.W., Howarth, R.W., Boesch, D.F., Seitzinger, S.P., Havens, K.E., Lancelot, C., 
Likens, G.E., 2009. Controlling eutrophication: nitrogen and phosphorus. Science 323(5917), 
1014-1015. 
Cordell, D., Jackson, M., White, S., 2013. Phosphorus flows through the Australian food system: 
Identifying intervention points as a roadmap to phosphorus security. Environ. Sci. Policy 29, 
87-102. 
Cordell, D., White, S., 2014. Life's bottleneck: sustaining the world's phosphorus for a food secure 
future. Annu. Rev. Environ. Resour. 39, 161-188. 
Correll, D.L., 1998. The role of phosphorus in the eutrophication of receiving waters: A review. J. 
Environ. Qual. 27(2), 261-266. 
Dalal, R., 1997. Long-term phosphorus trends in Vertisols under continuous cereal cropping. Aust. J. 
Soil Res. 35(2), 327-340. 
Daniel, T.C., Sharpley, a.N., Lemunyon, J.L., 1998. Agricultural phosphorus and eutrophication: A 
symposium overview. J. Environ. Qual. 27(2), 251-251. 
Daram, P., Brunner, S., Persson, B.L., Amrhein, N., Bucher, M., 1998. Functional analysis and cell-
specific expression of a phosphate transporter from tomato. Planta 206(2), 225-233. 
Davis, J.R., Koop, K., 2006. Eutrophication in Australian rivers, reservoirs and estuaries–a southern 
hemisphere perspective on the science and its implications. Hydrobiologia 559(1), 23-76. 
Dong, B., Ryan, P., Rengel, Z., Delhaize, E., 1999. Phosphate uptake in Arabidopsis thaliana: 
dependence of uptake on the expression of transporter genes and internal phosphate 
concentrations. Plant Cell Environ. 22(11), 1455-1461. 
 26 
 
Dormaar, J., Webster, G., 1963. Determination of total organic phosphorus in soils by extraction 
methods. Can. J. Soil Sci. 43(1), 35-43. 
Edwards, W., Owens, L., 1991. Large storm effects on total soil erosion. J. Soils Water Conserv. 
46(1), 75-78. 
Fares, F., Fardeau, J., Jacquin, F., 1974. Quantitative survey of organic phosphorus in different soil 
types. Phosphorus in agriculture. 
Ferraz, M., Monteiro, F., Manuel, C., 2004. Hydroxyapatite nanoparticles: a review of preparation 
methodologies. Journal of Applied Biomaterials and Biomechanics 2(2), 74-80. 
Folle, F., Shuford, J.W., Taylor, R.W., Mehadi, A.A., Tadesse, W., 1995. Effect of sludge treatment, 
heavy metals, phosphate rate, and pH on soil phosphorus. Commun. Soil Sci. Plant Anal. 
26(9-10), 1369-1381. 
Föshe, D., Claassen, N., Jungk, A., 1988. Phosphorus efficiency of plants: I. External and internal P 
requirement and P uptake efficiency of different plant species. Plant Soil, 101-109. 
Föshe, D., CLASSEN, N., Jungk, A., 1991. Phosphurus efficiency of plants: II. Significance of root 
radius, root hairs and catio-anion balance for phosphorus influx in seven plant species. Plant 
Soil 132, 261-272. 
Freeman, J., Rowell, D., 1981. The adsorption and precipitation of phosphate onto calcite. J. Soil Sci. 
32(1), 75-84. 
Frossard, E., Condron, L.M., Oberson, A., Sinaj, S., Fardeau, J., 2000. Processes governing 
phosphorus availability in temperate soils. J. Environ. Qual. 29(1), 15-23. 
George, E., Marschner, H., Jakobsen, I., 1995. Role of arbuscular mycorrhizal fungi in uptake of 
phosphorus and nitrogen from soil. Crit. Rev. Biotechnol. 15(3-4), 257-270. 
Gérard, F., 2016. Clay minerals, iron/aluminum oxides, and their contribution to phosphate sorption 
in soils—A myth revisited. Geoderma 262, 213-226. 
Gerke, J., 2010. Humic (organic matter)-Al (Fe)-phosphate complexes: an underestimated phosphate 
form in soils and source of plant-available phosphate. Soil Sci. 175(9), 417-425. 
Ghonsikar, C., Miller, R., 1973. Soil inorganic polyphosphates of microbial origin. Plant Soil 38(3), 
651-655. 
Ghormade, V., Deshpande, M.V., Paknikar, K.M., 2011. Perspectives for nano-biotechnology 
enabled protection and nutrition of plants. Biotechnol. Adv. 29(6), 792-803. 
Gilkes, R., Lim-Nunez, R., 1980. Poorly soluble phosphates in Australian superphosphate: their 
nature and availability to plants. Soil Res. 18(1), 85-95. 
Gilkes, R., Mangano, P., 1983. Poorly soluble, iron-aluminium phosphates in ammonium phosphate 
fertilizers: their nature and availability to plants. Soil Res. 21(2), 183-194. 
 27 
 
Gogos, A., Knauer, K., Bucheli, T.D., 2012. Nanomaterials in plant protection and fertilization: 
current state, foreseen applications, and research priorities. J. Agric. Food Chem. 60(39), 
9781-9792. 
Graham, J., Eissenstat, D., 1994. Host genotype and the formation and function of VA mycorrhizae. 
Plant Soil 159(1), 179-185. 
Griffith, J.K., Baker, M.E., Rouch, D.A., Page, M.G., Skurray, R.A., Paulsen, I.T., Chater, K.F., 
Baldwin, S.A., Henderson, P.J., 1992. Membrane transport proteins: implications of sequence 
comparisons. Curr. Opin. Cell Biol. 4(4), 684-695. 
Grindel, N., Zyrin, N., 1965. Method of determination and the dynamics of organic P compounds in 
the plow horizon of slightly cultivated Sod-Podsolic soils. Soviet Soil Sci. 17, 1391-1410. 
Grinsted, M., Hedley, M., White, R., Nye, P., 1982. Plant‐induced changes in the rhizosphere of 
rape (Brassica napus var. Emerald) seedlings. New Phytol. 91(1), 19-29. 
Grossl, P.R., Inskeep, W.P., 1991. Precipitation of dicalcium phosphate dihydrate in the presence of 
organic acids. Soil Sci. Soc. Am. J. 55(3), 670-675. 
Haas, H., Grunes, D., Reichman, G., 1961. Phosphorus changes in Great Plains soils as influenced by 
cropping and manure applications. Soil Sci. Soc. Am. J. 25(3), 214-218. 
Hammond, L., Chien, S., Mokwunye, A., 1986. Agronomic value of unacidulated and partially 
acidulated phosphate rocks indigenous to the tropics. Adv. Agron 40(89), 140. 
Hance, R., Anderson, G., 1963. Identification of hydrolysis products of soil phsopholipids. Soil Sci. 
96(3), 157-161. 
Hauck, R.D., 1985. Slow-release and bioinhibitor-amended nitrogen fertilizers. Fertilizer technology 
and use (fertilizertechn), 293-322. 
Hayman, D., Mosse, B., 1972. Plant growth responses to vesicular‐arbuscular mycorrhiza iii. 
Increased uptake of labile p from soil. New Phytol. 71(1), 41-47. 
Hazell, P.B., 2002. Green revolution: Curse or blessing? Food Policy Research Inst. 
Hedley, M., McLaughlin, M., 2005. Reactions of phosphate fertilizers and by-products in soils. 
Phosphorus: agriculture and the environment (phosphorusagric), 181-252. 
Hedley, M.J., Stewart, J., Chauhan, B., 1982. Changes in inorganic and organic soil phosphorus 
fractions induced by cultivation practices and by laboratory incubations. Soil Sci. Soc. Am. J. 
46(5), 970-976. 
Henderson, P.J., 1993. The 12-transmembrane helix transporters. Curr. Opin. Cell Biol. 5(4), 708-
721. 
Hibberd, D., Standley, J., Want, P., Mayer, D., 1991a. Responses to nitrogen, phosphorus and 
irrigation by grain sorghum on cracking clay soils in central Queensland. Aust. J. Exp. Agric. 
31(4), 525-534. 
 28 
 
Hibberd, D., Want, P., Hunter, M., Standley, J., Moody, P., Blight, G., 1991b. Marginal responses 
over six years by sorghum and sunflower to broadcast and banded phosphorus on a low P 
Vertisol, and changes in extractable soil phosphorus. Aust. J. Exp. Agric. 31(1), 99-106. 
Hinsinger, P., 1998. How do plant roots acquire mineral nutrients? Chemical processes involvedin 
the rhizosphere. Adv. Agron. 64, 225-265. 
Hinsinger, P., 2001. Bioavailability of soil inorganic P in the rhizosphere as affected by root-induced 
chemical changes: A review. Plant Soil 237(2), 173-195. 
Hinsinger, P., Gilkes, R., 1996. Mobilization of phosphate from phosphate rock and alumina–sorbed 
phosphate by the roots of ryegrass and clover as related to rhizosphere pH. Eur. J. Soil Sci. 
47(4), 533-544. 
Hinsinger, P., Gilkes, R., 1997. Dissolution of phosphate rock in the rhizosphere of five plant species 
grown in an acid, P-fixing mineral substrate. Geoderma 75(3), 231-249. 
Holford, I., 1997. Soil phosphorus: its measurement, and its uptake by plants. Soil Res. 35(2), 227-
240. 
Huang, C., Barker, S.J., Langridge, P., Smith, F.W., Graham, R.D., 2000. Zinc deficiency up-
regulates expression of high-affinity phosphate transporter genes in both phosphate-sufficient 
and-deficient barley roots. Plant Physiol. 124(1), 415-422. 
Hübel, F., Beck, E., 1993. In-situ determination of the P-relations around the primary root of maize 
with respect to inorganic and phytate-P. Plant Soil 157(1), 1-9. 
Ippolito, J., Barbarick, K., Heil, D., Chandler, J., Redente, E., 2003. Phosphorus retention 
mechanisms of a water treatment residual. J. Environ. Qual. 32(5), 1857-1864. 
Jara, A.A., Violante, A., Pigna, M., de la Luz Mora, M., 2006. Mutual interactions of sulfate, oxalate, 
citrate, and phosphate on synthetic and natural allophanes. Soil Sci. Soc. Am. J. 70(2), 337-
346. 
Jasinski, S.M., 2007. Mineral resource of the month: phosphate rock. Geotimes. 
Johnson, D.W., Cole, D.W., 1980. Anion mobility in soils: Relevance to nutrient transport from forest 
ecosystems. Environ. Int. 3(1), 79-90. 
Johnson, J.L., Anderson, R.S., Ordal, E.J., 1970. Nucleic acid homologies among oxidase-negative 
Moraxella species. J. Bacteriol. 101(2), 568-573. 
Johnston, A., 2000. The essential role of phosphorus in living organisms. Soil and Plant phosphate. 
International Fertilizer Industry Association, Paris, France. 
Jungk, A., 1996. Dynamics of nutrient movement at the soil-root interface. In ‘Plant roots: the hidden 
half’.(Eds Y Waisel, A Eshel, U Kafkafi) Marcel Dekker: New York, pp. 529-556. 
Kafkafi, U., Bar-Yosef, B., Rosenberg, R., Sposito, G., 1988. Phosphorus adsorption by kaolinite and 
montmorillonite: II. Organic anion competition. Soil Sci. Soc. Am. J. 52(6), 1585-1589. 
 29 
 
Kirk, G., Santos, E., Findenegg, G., 1999. Phosphate solubilization by organic anion excretion from 
rice (Oryza sativa L.) growing in aerobic soil. Plant Soil 211(1), 11-18. 
Kopittke, P.M., Dalal, R.C., Wang, P., Menzies, N.W., 2018. Effects of long-term cultivation on 
phosphorus (P) in five low-input, subtropical Australian soils. Agric. Ecosyst. Environ. 252, 
191-199. 
Kowalenko, C., McKercher, R., 1970. An examination of methods for extraction of soil phospholipids. 
Soil Biol. Biochem. 2(4), 269-273. 
Lambers, H., Shane, M.W., Cramer, M.D., Pearse, S.J., Veneklaas, E.J., 2006. Root structure and 
functioning for efficient acquisition of phosphorus: Matching morphological and 
physiological traits. Ann. Bot. 98(4), 693-713. 
Leggewie, G., Willmitzer, L., Riesmeier, J.W., 1997. Two cDNAs from potato are able to 
complement a phosphate uptake-deficient yeast mutant: Identification of phosphate 
transporters from higher plants. Plant Cell 9(3), 381-392. 
Liao, H., Yan, X., Rubio, G., Beebe, S.E., Blair, M.W., Lynch, J.P., 2004. Genetic mapping of basal 
root gravitropism and phosphorus acquisition efficiency in common bean. Funct. Plant Biol. 
31(10), 959-970. 
Liebig, J., 1841. Organic chemistry in its applications to agriculture and physiology. J. Owen. 
Lindsay, W.L., 1979. Chemical equilibria in soils. John Wiley and Sons Ltd. 
Lindsay, W.L., Vlek, P.L., Chien, S.H., 1989. Phosphate minerals. Minerals in soil environments 
(mineralsinsoile), 1089-1130. 
Liu, R., Lal, R., 2014. Synthetic apatite nanoparticles as a phosphorus fertilizer for soybean (Glycine 
max). Sci. Rep. 4. 
Lynch, J., 1995. Root architecture and plant productivity. Plant Physiol. 109(1), 7. 
Lynch, J.P., Beebe, S.E., 1995. Adaptation of beans (Phaseolus vulgaris L.) to low phosphorus 
availability. HortScience: a publication of the American Society for Horticultural Science 
(USA). 
Lynch, J.P., Brown, K., 1998. Root architecture and phosphorus acquisition efficiency in common 
bean. Current Topics in Plant Physiology 18, 81-91. 
Manning, B.A., Goldberg, S., 1996. Modeling competitive adsorption of arsenate with phosphate and 
molybdate on oxide minerals. Soil Sci. Soc. Am. J. 60(1), 121-131. 
Martin, R.R., Tazaki, K., Smart, R.S.C., 1988. Direct observation of phosphate precipitation in the 
goethite/phosphate system. Soil Sci. Soc. Am. J. 52(5), 1492-1500. 
Matar, A., Torrent, J., Ryan, J., 1992. Soil and fertilizer phosphorus and crop responses in the dryland 
Mediterranean zone, Advances in Soil Science. Springer, pp. 81-146. 
McGill, W., Christie, E., 1983. Biogeochemical aspects of nutrient cycle interactions in soils and 
organisms. The Major Biogeochemical Cycles and their Interactions. 21, 271-301. 
 30 
 
McGill, W., Cole, C., 1981. Comparative aspects of cycling of organic C, N, S and P through soil 
organic matter. Geoderma 26(4), 267-286. 
McKercher, R., Anderson, G., 1968. Content of inositol penta and hexaphosphates in some Canadian 
soils. J. Soil Sci. 19(1), 47-55. 
Mengel, K., Kirkby, E., 1987. Principles of plant nutrients. International Potash Institute, Bern, 
Switzerland, 62-66. 
Montalvo, D., McLaughlin, M.J., Degryse, F., 2015. Efficacy of hydroxyapatite nanoparticles as 
phosphorus fertilizer in andisols and oxisols. Soil Sci. Soc. Am. J. 79(2), 551-558. 
Motskin, M., Wright, D., Muller, K., Kyle, N., Gard, T., Porter, A., Skepper, J., 2009. Hydroxyapatite 
nano and microparticles: correlation of particle properties with cytotoxicity and biostability. 
Biomaterials 30(19), 3307-3317. 
Mozaffari, M., Sims, J., 1994. Phosphorus availability and sorption in an Atlantic coastal plain 
watershed dominated by animal-based agriculture. Soil Sci. 157(2), 97-107. 
Muchhal, U.S., Pardo, J.M., Raghothama, K., 1996. Phosphate transporters from the higher plant 
Arabidopsis thaliana. P. Natl. Acad. Sci. USA 93(19), 10519-10523. 
Mueller, D.K., Helsel, D.R., Kidd, M.A., 1996. Nutrients in the nation's waters: too much of a good 
thing? US Government Printing Office. 
Mullins, G., Bartos, J., Bryant, H., Sikora, F., 1990. Plant availability of phosphorus in the water-
insoluble fraction of commercial triple superphosphate fertilizers. Soil Sci. Soc. Am. J. 54(5), 
1469-1472. 
Nagarajah, S., Posner, A., Quirk, J., 1968. Desorption of phosphate from kaolinite by citrate and 
bicarbonate. Soil Sci. Soc. Am. J. 32(4), 507-510. 
Naidu, R., Kookana, R.S., Sumner, M., Harter, R., Tiller, K., 1997. Cadmium sorption and transport 
in variable charge soils: a review. J. Environ. Qual. 26(3), 602-617. 
Nair, R., Varghese, S.H., Nair, B.G., Maekawa, T., Yoshida, Y., Kumar, D.S., 2010. Nanoparticulate 
material delivery to plants. Plant Sci. 179(3), 154-163. 
Nath, R., 1969. Influence of structure of substrate on the hydrolysis of alkyl and aryl phosphates by 
phosphohydrolases: Mechanism of acid and alkaline phosphatases. Ann. N. Y. Acad. Sci. 
166(2), 653-669. 
Newman, R., Tate, K., 1980. Soil phosphorus characterisation by 31P nuclear magnetic resonance. 
Commun. Soil Sci. Plan. Anal. 11(9), 835-842. 
Nielsen, N., 1983. Plant parameters controlling the efficiency of nutrient uptake from the soil. 
Developments in plant and soil sciences. 
Norrish, K., Rosser, H., 1983. Mineral phosphate. Soils: an Australian viewpoint, 335-361. 
Ober, J.A., 2017. Mineral commodity summaries 2017, US Geological Survey. 
Oertli, J., 1980. Controlled-release fertilizers. Fert. Res. 1(2), 103-123. 
 31 
 
Ogner, G., 1983. 31 P-NMR spectra of humic acids: A comparison of four different raw humus types 
in Norway. Geoderma 29(3), 215-219. 
Ozanne, P., 1980. Phosphate nutrition of plants-a general treatise. The role of phosphorus in 
agriculture 559, 589. 
Pao, S.S., Paulsen, I.T., Saier, M.H., 1998. Major facilitator superfamily. Microbiol. Mol. Biol. Rev. 
62(1), 1-34. 
Parfitt, R., 1978. Anion adsorption by soils and soil materials. Adv. Agron 30(1). 
Parfitt, R.L., Atkinson, R.J., Smart, R.S.C., 1975. The mechanism of phosphate fixation by iron 
oxides. Soil Sci. Soc. Am. J. 39(5), 837-841. 
Pautler, M.C., Sims, J.T., 2000. Relationships between soil test phosphorus, soluble phosphorus, and 
phosphorus saturation in Delaware soils. Soil Sci. Soc. Am. J. 64(2), 765-773. 
Pierzynski, G.M., McDowell, R.W., 2005. Chemistry, cycling, and potential movement of inorganic 
phosphorus in soils. Phosphorus: agriculture and the environment (phosphorusagric), 53-86. 
Pissarides, A., Stewart, J., Rennie, D., 1968. Influence of cation saturation on phosphorus adsorption 
by selected clay minerals. Can. J. Soil Sci. 48(2), 151-157. 
Poinern, G.E., Brundavanam, R.K., Mondinos, N., Jiang, Z.T., 2009. Synthesis and characterisation 
of nanohydroxyapatite using an ultrasound assisted method. Ultrason. Sonochem. 16(4), 469-
474. 
Powers, K.W., Brown, S.C., Krishna, V.B., Wasdo, S.C., Moudgil, B.M., Roberts, S.M., 2006. 
Research strategies for safety evaluation of nanomaterials. Part VI. Characterization of 
nanoscale particles for toxicological evaluation. Toxicol. Sci. 90(2), 296-303. 
Prochnow, L., Kiehl, J., Van Raij, B., 1998. Plant availability of phosphorus in the neutral ammonium 
citrate fraction of Brazilian acidulated phosphates. Nutr. Cycl. Argoecosys. 52(1), 61-65. 
Raghothama, K.G., 1999. Phosphate Acquisition. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50(1), 
665-693. 
Rajan, S., Perrott, K., 1975. Phosphate adsorption by synthetic amorphous aluminosilicates. J. Soil 
Sci. 26(3), 257-266. 
Richardson, A.E., Simpson, R.J., 2011. Soil microorganisms mediating phosphorus availability 
update on microbial phosphorus. Plant Physiol. 156(3), 989-996. 
Rubio, V., Linhares, F., Solano, R., Martín, A.C., Iglesias, J., Leyva, A., Paz-Ares, J., 2001. A 
conserved MYB transcription factor involved in phosphate starvation signaling both in 
vascular plants and in unicellular algae. Genes Dev. 15(16), 2122-2133. 
Ruiz, L., Arvieu, J., 1992. Solubilization of phosphate minerals by plant roots, Proceedings of the 4th 
International IMPHOS Conference. Ghent, Belgium. 
 32 
 
Runge-Metzger, A., 1995. Closing the cycle: obstacles to efficient P management for improved global 
food security. Scope-Scientific Committee on Problems of the Environment International 
Council of Scientific Unions 54, 27-42. 
Sabbagh, E., Shaviv, A., Harpaz, A., 1989. 13 Prediction of Nitrogen Requirements by Using a 
Modified Nitrogen Dynamics Model. Nitrogen in organic wastes applied to soils, 167. 
Samadi, A., Gilkes, R., 1998. Forms of phosphorus in virgin and fertilised calcareous soils of Western 
Australia. Aust. J. Soil Res. 36(4), 585-601. 
Sanchez, P.A., Uehara, G., 1980. Management considerations for acid soils with high phosphorus 
fixation capacity. The role of phosphorus in agriculture (theroleofphosph), 471-514. 
Schuster, E., 1991. The behavior of mercury in the soil with special emphasis on complexation and 
adsorption processes-a review of the literature. Water Air & Soil Pollution 56(1), 667-680. 
Schwertmann, U., Taylor, R., 1989. Iron oxides. Pp. 379À438 in: Minerals in Soil Environments (JB 
Dixon and SB Weed, editors). Soil Science Society of America, Madison, Wisconsin, USA. 
Shane, M., Szota, C., Lambers, H., 2004a. A root trait accounting for the extreme phosphorus 
sensitivity of Hakea prostrata (Proteaceae). Plant Cell Environ. 27(8), 991-1004. 
Shane, M.W., Lambers, H., 2006. Systemic suppression of cluster-root formation and net P-uptake 
rates in Grevillea crithmifolia at elevated P supply: A proteacean with resistance for 
developing symptoms of ‘P toxicity’. J. Exp. Bot. 57(2), 413-423. 
Shane, M.W., McCully, M.E., Lambers, H., 2004b. Tissue and cellular phosphorus storage during 
development of phosphorus toxicity in Hakea prostrata (Proteaceae). J. Exp. Bot. 55(399), 
1033-1044. 
Sharpley, A., 2000. Phosphorus availability. CRC Press. Boca Raton Florida. pp. D18-D37, pp. D18-
D30. 
Sharpley, A., Rekolainen, S., 1997. Phosphorus in agriculture and its environmental implications. 
CAB International Press, Cambridge, England. 
Sharpley, A.N., 1995. Dependence of runoff phosphorus on extractable soil phosphorus. J. Environ. 
Qual. 24(5), 920-926. 
Shaviv, A., 1993. Controlled supply of fertilizers for increasing use efficiency and reducing 
environmental damage, Optimization of Plant Nutrition. Springer, pp. 651-656. 
Shaviv, A., Mikkelsen, R., 1993. Controlled-release fertilizers to increase efficiency of nutrient use 
and minimize environmental degradation-A review. Fert. Res. 35(1-2), 1-12. 
Shoji, S., Kanno, H., 1994. Use of polyolefin-coated fertilizers for increasing fertilizer efficiency and 
reducing nitrate leaching and nitrous oxide emissions. Fert. Res. 39(2), 147-152. 
Sibbesen, E., 1995. Phosphorus balance in European agriculture-status and policy options. 
Phosphorus in the Global Environment: Transfers, cycles and management, 43-58. 
 33 
 
Sibbesen, E., Sharpley, A., 1997. Setting and justifying upper critical limits for phosphorus in soils, 
Phosphorus loss from soil to water. CABI Publishing, pp. 151-176. 
Sikora, F., Copeland, J., Mullins, G., Bartos, J., 1991. Phosphorus dissolution kinetics and 
bioavailability of water-insoluble fractions from monoammonium phosphate fertilizers. Soil 
Sci. Soc. Am. J. 55(2), 362-368. 
Smeck, N.E., 1985. Phosphorus dynamics in soils and landscapes. Geoderma 36(3), 185-199. 
Smil, V., 2000. Phosphorus in the environment: natural flows and human interferences. Annu. Rev. 
Energy Env. 25(1), 53-88. 
Smith, K., Chalmers, A., Chambers, B., Christie, P., 1998. Organic manure phosphorus accumulation, 
mobility and management. Soil Use and Management 14(s4), 154-159. 
Smith, R., Martell, A., Motekaitis, R., 2004. Critically selected stability constants of metal complexes. 
NIST standard reference database 46, 8. 
Smith, S.E., Jakobsen, I., Gronlund, M., Smith, F.A., 2011. Roles of Arbuscular Mycorrhizas in Plant 
Phosphorus Nutrition: Interactions between Pathways of Phosphorus Uptake in Arbuscular 
Mycorrhizal Roots Have Important Implications for Understanding and Manipulating Plant 
Phosphorus Acquisition. Plant Physiol. 156(3), 1050-1057. 
Smith, S.E., Smith, F.A., Jakobsen, I., 2003. Mycorrhizal fungi can dominate phosphate supply to 
plants irrespective of growth responses. Plant Physiol. 133(1), 16-20. 
Steen, I., 1998. Management of a non-renewable resource. Phosphorus and potassium (217), 25-31. 
Stewart, J., Tiessen, H., 1987. Dynamics of soil organic phosphorus. Biogeochemistry 4(1), 41-60. 
Strauss, h., Vidal, g., Moczydlowska, m., Paczesna, j., 1997. Carbon isotope geochemistry and 
palaeontology of neoproterozoic to early cambrian siliciclastic successions in the east 
european platform, poland. Geol. Mag. 134(01), 1-16. 
Su, J., van Bochove, E., Thériault, G., Novotna, B., Khaldoune, J., Denault, J., Zhou, J., Nolin, M., 
Hu, C., Bernier, M., 2011. Effects of snowmelt on phosphorus and sediment losses from 
agricultural watersheds in Eastern Canada. Agric. Water Manage. 98(5), 867-876. 
Suzuki, T., Inomata, S., Sawada, K., 1986. Adsorption of phosphate on calcite. Journal of the 
Chemical Society, Faraday Transactions 1: Physical Chemistry in Condensed Phases 82(6), 
1733-1743. 
Sylvan, J., Quigg, A., Tozzi, S., Ammerman, J., 2007. Eutrophication‐ induced phosphorus 
limitation in the Mississippi River plume: Evidence from fast repetition rate fluorometry. 
Limnol. Oceanogr. 52(6), 2679-2685. 
Tian, J., Liang, C., Yan, X., Liao, H., 2009. Genetic improvement in crop phosphorus efficiency: a 
case study on purple acid phosphatases in common bean, The Proceedings of the International 
Plant Nutrition Colloquium XVI. 
 34 
 
Torrent, J., 2000. Phosphorus dynamics and uptake by wheat in a model calcite-ferrihydrite system. 
Soil Sci. 165(10), 803-812. 
Torsvik, V.L., Goksoyr, J., 1978. Determination of bacterial DNA in soil. Soil Biol. Biochem. 10(1), 
7-12. 
Ulén, B., 2003. Concentrations and transport of different forms of phosphorus during snowmelt runoff 
from an illite clay soil. Hydrological Processes 17(4), 747-758. 
Ulén, B., 2006. A simplified risk assessment for losses of dissolved reactive phosphorus through 
drainage pipes from agricultural soils. Acta Agriculturae Scandinavica Section B-Soil and 
Plant Science 56(4), 307-314. 
Ullrich-Eberius, C., Novacky, A., Van Bel, A., 1984. Phosphate uptake inLemna gibba G1: energetics 
and kinetics. Planta 161(1), 46-52. 
Van der Molen, D.T., Breeuwsma, A., Boers, P., 1998. Agricultural nutrient losses to surface water 
in the Netherlands: impact, strategies, and perspectives. J. Environ. Qual. 27(1), 4-11. 
Van Kauwenbergh, S.J., 2010. World phosphate rock reserves and resources. IFDC Muscle Shoals. 
Violante, A., Pigna, M., 2002. Competitive sorption of arsenate and phosphate on different clay 
minerals and soils. Soil Sci. Soc. Am. J. 66(6), 1788-1796. 
Walker, T., Syers, J.K., 1976. The fate of phosphorus during pedogenesis. Geoderma 15(1), 1-19. 
Wang, L., Nancollas, G.H., 2008. Calcium orthophosphates: crystallization and dissolution. Chem. 
Rev. 108(11), 4628-4669. 
Wang, M., Tzou, Y., 1995. Phosphate sorption by calcite, and iron-rich calcareous soils. Geoderma 
65(3), 249-261. 
Webster, T.J., Siegel, R.W., Bizios, R., 2000. Enhanced surface and mechanical properties of 
nanophase ceramics to achieve orthopaedic/dental implant efficacy, Key Eng. Mater. Trans 
Tech Publ, pp. 321-324. 
Wheeler, D., Edmeades, D., 1995. Effect of depth and lime or phosphorus-fertilizer applications on 
the soil solution chemistry of some New Zealand pastoral soils. Soil Res. 33(3), 461-476. 
Yao, W., Millero, F.J., 1996. Adsorption of phosphate on manganese dioxide in seawater. Environ. 
Sci. Technol. 30(2), 536-541. 
Zhou, H., Lee, J., 2011. Nanoscale hydroxyapatite particles for bone tissue engineering. Acta 
Biomater. 7(7), 2769-2781. 
  
 35 
 
Chapter 3: Syntheses and characterisation of HA-NPs differing in size and surface 
charge 
Abstract 
Hydroxyapatite nanoparticles (HA-NPs) have been proposed as a novel phosphorus (P) fertiliser, 
with its surface properties (surface charge) playing an important role in its behaviour (i.e. solubility, 
interaction with soil particles) in soil. In this chapter, an effective wet-precipitate method for synthesis 
and surface modification of HA-NPs with differences in surface charge and aggregates size was 
developed, using a 1.2 M glycine and ammonium citrate dibasic as modifier agent. By using this 
method, three types of HA-NPs were obtained, having a surface charge value of +21 (±4.3), 0 (±3.5) 
and −12 (±2.7) mV, and a hydrodynamic size of 1210, 547, and 102 nm in a neutral medium (pH 7). 
The chemical composition was confirmed as pure hydroxyapatite, and the modification was achieved 
through the neutralization of hydroxyl groups from HAP and hydrogen ions hydrolyzed from modifier 
agent. 
3.1 Introduction 
Identified in the mid-17th century, P has long been utilised to enhance agricultural production. 
Particularly since the Green Revolution, the use of processed inorganic P fertilisers has increased 
markedly, contributing to a significantly increased global food production (Buckingham and Jasinski, 
2004). However, the existing phosphate rock reserves which are used to manufacture P fertilisers are 
finite. Indeed, of the 14 nutrients that are essential for plants, global reserves of P are the smallest 
(Gilbert et al., 2009) with the majority of these in a single country (Morocco). Although there is 
disagreement, many have estimated that these P reserves are sufficient for only a further 50-125 years 
(Cordell et al., 2009; Gilbert et al., 2009). Although P scarcity is emerging as a global issue, the 
currently-available fertiliser technology and agronomic methods result in low efficiency of P usage. 
Only 10-20 % of the P that applied as fertilisers makes it into human food, with a large fraction (80-
90 %) of P transformed into forms of reduced availability due to their high solubility (Hedley and 
McLaughlin, 2005). As a result, the use of the remaining P reserves must be efficient, with the supply 
of P fertilisers influenced both by scarcity and political instability. Development and application of 
new types of fertilisers using innovative nanotechnology are one of the potentially effective options. 
Indeed, nanoparticle-based fertilisers such as hydroxyapatite nanoparticles [Ca10(PO4)6(OH)2, HA-
NPs], defined as particle having at least one dimension between molecular and micrometre scales, 
have been recently proposed as a novel technology to enhance P use efficiency and reduce 
environmental risks (Liu and Lal, 2014). However, few studies have yet examined the use of HA-
NPs as a fertiliser.  
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Hydroxyapatite (HAP) belongs to a subgroup within the apatite group [Ca10(PO4)6(X)2, X = F, Cl, 
OH], with the structural site X accommodating OH. It is the most stable calcium phosphate salt at 
normal temperatures and at pH values between 4 and 12 (Koutsopoulos, 2002). Hydroxyapatite has 
been used extensively in a variety of fields in biomaterial scientists, due to its structural similarity 
with the mineral constituents of human bones and teeth (Dorozhkin and Epple, 2002). It has also been 
widely applied for remediation of soils (Chen et al., 2010), sediments (Zhang et al., 2010), 
groundwater (Islam et al., 2011), and nuclear wastewaters (Handley-Sidhu et al., 2011) contaminated 
with metals (i.e. Pb, Cd, Cu, and As) and radionuclides (i.e. 90Sr and 60Co), including most effective 
remediation by encapsulating radionuclide in the apatite mineral structure (Ewing and Wang, 2002). 
Various methods of preparing HA-NPs crystals have been reported, including wet chemical 
precipitation, biomimetic deposition, sol-gel and electrodeposition (Webster et al., 2000). Among 
these, wet precipitation has been most widely used due to its low cost and simplicity. The wet 
chemical precipitation method was originally studied by Jarcho et al. (1976) and modified 
subsequently to produce HA-NPs with desired characteristics (Liu et al., 2001; Poinern et al., 2009; 
Wang et al., 2007). The formation of hydroxyapatite crystals through wet chemical precipitation 
proceeds via intermediate precursor phases, which have a transitory existence, from octacalcium 
phosphate (OCP) to amorphous calcium phosphate (ACP) rapidly, and then from ACP to calcium-
deficient hydroxyapatite (DAP) and HAP (Liu et al., 2001). Surface modification of HA-NPs has 
been described in several studies previously. For example, Chen et al. (2011) used two carboxylic 
acids to modify the surface of HA-NPs, obtaining HA-NPs that differed in their surface charge: 12-
aminododecanoic acid (positive) and dodecanedioic acid (negative). 
The aim of this chapter is to synthesise HA-NPs that differ in their surface properties, such as their 
hydrodynamic size and their surface charge, with these properties potentially influencing the 
behaviour of the HA-NPs within the soil. In the present work, wet precipitation was used to synthesis 
HA-NPs under hydrothermal conditions, and glycine and ammonium citrate dibasic were utilised for 
surface modification of the synthetic HA-NPs. 
3.2 Methods  
3.2.1 Synthesis and surface modification of HA-NPs 
The HA-NPs were synthesised by wet chemical deposition according to the methods described by 
Lee et al. (2006). Briefly, a 0.6 M Ca(NO3)2 solution was prepared by dissolving 14.2 g 
Ca(NO3)2·4H2O in 50 mL deionized (DI) water, with pH adjusted to 10 using aqueous NH3·H2O (28-
30%) and DI water used to increase the volume to 100 mL. A 0.36 M (NH4)2HPO4 solution was 
prepared by dissolving 4.76 g (NH4)2HPO4 in 50 mL DI water, with pH adjusted to 9 using aqueous 
NH3·H2O and DI water used to increase the volume to 100 mL. The 100 mL (NH4)2HPO4 solution 
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was added dropwise to the 100 mL of the Ca(NO3)2 solution with continuous stirring. This resulted 
in the formation of a white precipitate, with pH maintained above 9 using aqueous NH3·H2O. The 
reaction mixture was aged in a round-bottom flask whilst stirring for 20 h at 80 °C, after which a 
colloidal dispersion of nanoparticles was obtained. The mixture was centrifuged and the precipitate 
washed three times using DI water. These samples were then dried at 40 °C in an oven for 12 h, or 
transferred into ceramic boats and placed in an electric tube furnace for thermal treatment at 
temperatures varying from 200 °C to 800 °C for 12 h, to test the effect of drying temperature on HA-
NPs products. 
Three types of HA-NPs were prepared differing in their surface charge. Glycine and ammonium 
citrate dibasic were used for surface modification to obtain HA-NPs with either a positive surface 
charge or a negative surface charge, plus a control (uncharged) (Lee et al., 2013; Li et al., 2011). 
Briefly, a 1.2 M modifier solution was prepared by dissolving 9 g of glycine or 27 g of ammonium 
citrate dibasic in 100 mL DI water. The modifier solution was added to the 0.6 M Ca(NO3)2 solution 
before the (NH4)2HPO4 solution was added and the precipitate was formed. The reaction mixture was 
aged in a round-bottom flask whilst stirring for 20 h at 80 °C, after which a colloidal dispersion of 
nanoparticles was obtained. The mixture was centrifuged and the precipitate washed three times using 
DI water. 
3.2.2 Characterisation of synthesised HA-NPs 
The synthesised HA-NPs products were ground to < 1 mm prior to analysis (Knowles et al., 2000). 
Particle morphology was examined using scanning electron microscopy (SEM). A single drop of the 
HA-NPs suspension (100 mg/L) was placed on a sample holder and dried at 40°C for 12 h before 
being coated with iridium three times (ca. 8 nm per coating) and plasma cleaned. Images were 
captured using SEM (JEOL JSM-7100F, Japan) at an acceleration voltage of 20 kV. Mineral phase 
identification was conducted by X-ray diffraction (XRD). Measurements were performed using a 
Bruker D8-Advance diffractometer (Bruker AXS GmbH, Karlsruhe, Germany), operating in the 
reflection mode with Cu-Kα radiation (λ = 1.54 Å) at 40 kV, 10-70 degrees 2-theta. Functional groups 
were examined using Fourier transform infrared spectrometer (FTIR, Nicolet Spectrometer, Madison, 
USA). Next, the average hydrodynamic diameter (HD) and the zeta potential (Keller et al., 2010) 
were examined using dynamic light scattering (DLS, Zetasizer Nano ZS Malvern Instruments, 
Worcestershire, UK). Approximately 100 mg/L of synthesised HA-NPs solution was dispersed using 
ultrasound irradiation (750 W, Vibra Cell VCX 750) for 20 min before measurement for HD and zeta 
potential. To determine the effect of pH on HD and zeta potential, additional samples were adjusted 
to pH values between 5 and 11 using KOH or HCl. 
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The solubility of HA-NPs (and the associated Ksp values) was determined by measuring the 
concentration of soluble P and Ca in a suspension (1000 mg/L). Specifically, the suspension was 
dispersed using ultrasound irradiation (750 W) for 20 min before being filtered using a centrifuge 
filter unit (0.45 µm, Millipore) by centrifugation. The filtrate was transferred to a 10 mL tube, with 
0.3 mL of HNO3 (70%) added, and the concentration of Ca was analysed using inductively coupled 
plasma optical emission spectrometry (ICP-OES, Varian Vista Pro), whereas the concentration of P 
was determined using Flow Injection Analyser (FIA, Lachat QuikChem8500, Hach Company, USA). 
The molar ratio of total Ca:P of the solid HA-NPs was determined by measuring the concentration of 
Ca and P by ICP-OES after dissolution of the solid matrix by adding concentrated HNO3 (70%). 
3.3 Results 
3.3.1 The effect of calcination temperature on synthesised HA-NPs 
The microstructures of the fabricated HA-NPs under different temperature treatment were 
observed with a scanning electron microscope (Fig. 3.1). Nano-sized HAP was successfully 
synthesised after drying at 40 °C or sintering at 200, 400 and 800 °C for 12 h through the precipitation 
method. The HA-NPs were sphere-like particles. The particle sizes were 21.2 ±5.2 nm, 23.0 ±5.2 nm, 
29.4 ±8.4 nm, and 40.2 ±11.0 nm respectively for HA-NPs drying at 40, 200, 400 and 800 °C (N=50, 
ImageJ) (Fig. 3.1).  
 
Fig. 3.1. The microstructures of the fabricated HA-NPs under different drying temperature (a: 40°C, 
b: 200°C, c: 400°C, d: 800°C) 
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Size distribution of these HA-NPs in DI water was measured by DLS (Fig. 3.2). The average 
hydrodynamic size is 845, 80, 39, 471 nm for synthesised HA-NPs powders dispersed in a neutral 
medium, after the temperature treatment of 40, 200, 400, and 800°C. 
  
Fig. 3.2. Size distribution by number of the synthesised HA-NPs drying at different temperature for 
12 h. 
3.3.2 Surface modification of the HA-NPs 
Glycine and ammonium citrate dibasic were used for surface modification of the HA-NPs. As 
expected, glycine treated HA-NPs had a greater positive surface charge than the unmodified HA-NPs 
across the pH range of interest (4.5-10.5) (Fig. 3.3), while the ammonium citrate dibasic modified 
HA-NPs had a negative charge. For example, at pH 7, the zeta potential of unmodified HA-NPs was 
close to 0 mV, with corresponding values being +21 mV for the glycine treated HA-NPs and -12 mV 
for the ammonium citrate dibasic treated HA-NPs. Thus, hereafter, the three HA-NPs are referred to 
as HA-NPs(+), HA-NPs(0) and HA-NPs(‒). The synthetic HA-NPs dissolved quickly (within 5 min) 
in water at pH below 5. The stability of the HA-NPs suspension was observed (Fig. 3.4). The HA-
NPs exhibited a milky coloured suspension in DI water with their stability following the order: HA-
NPs(+) > HA-NPs(‒) > HA-NPs(0).  
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Fig. 3.3. Zeta potential of synthetic hydroxyapatite nanoparticles (HA-NPs), including glycine 
modified HA-NPs, ammonium citrate dibasic modified HA-NPs and unmodified HA-NPs. 
 
 
Fig. 3.4. The images of the three HA-NPs as a powder and the suspension of three HA-NPs in DI 
water after standing for 30 min. 
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Fig. 3.5. XRD spectra of synthesised hydroxyapatite nanoparticles (HA-NPs) with different surface 
charges, including positively charged HA-NPs (HA-NPs(+)), neutral HA-NPs (HA-NPs(0)), and 
negatively charged HA-NPs (HA-NPs(‒)). 
Using XRD, the three HA-NPs compounds were confirmed as being hydroxyapatite (HAP). 
Indeed, the XRD spectra for HA-NPs(+), HA-NPs(0) and HA-NPs(‒) closely matched with PDF No. 
00-064-0738 of HAP from the Joint Committee on Powder Diffraction Standards (JCPDS) (Fig. 3.5). 
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Fig. 3.6. Scanning electron micrographs of neutral HA-NPs (HA-NPs(0)) (a), positively charged HA-
NPs (HA-NPs(+)) (b) and negatively charged HA-NPs (HA-NPs(‒)) (c).  
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The microstructures of the three HA-NPs compounds were examined using SEM (Fig. 3.6). The 
compounds were confirmed as being nano-sized, with a particle size of 34.3 ± 5.7 nm for the HA-
NPs(0) treatment, 19.4 ± 3.4 nm for HA-NPs(+), and 29.0 ± 7.8 nm for HA-NPs(‒) (analysed by 
ImageJ, n = 50) . In terms of their morphology, the HA-NPs were observed to be sphere-like. 
A typical FTIR of HAP was characterized by vibrational modes of PO43- and OH- groups. The 
FTIR spectra of the three HA-NPs showed bands corresponding to PO43- groups at 938, 1020 and 
1069 cm-1 (Fig. 3.7). The bands at 910-970 cm-1 were assigned to symmetrical P-O stretching mode 
(ʋ1) while the bands at 1020 and 1069 cm-1 were attributed to the asymmetrical P-O stretching mode 
(ʋ 3). The band at 3440 cm-1 for HA-NPs(0) was assigned to OH-. 
 
Fig. 3.7. Functional groups of neutral HA-NPs (HA-NPs(0)), positively charged HA-NPs (HA-
NPs(+)) and negatively charged HA-NPs (HA-NPs(‒)) examined using Fourier-Transform Infrared 
spectroscopy (FTIR). 
Table 3.1. Selected properties of bulk HAP and the synthetic HA-NPs (HA-NPs(0), HA-NPs(+) and 
HA-NPs(‒)). The molar ratio of Ca:P was determined by digestion of the solid matrix, while the 
soluble P concentration was determined following dissolution in deionised water. 
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HA-NPs HA-
NPs(0) 
HA-
NPs(+) 
HA-
NPs(‒) 
Bulk HAP 
Particle size (nm)a 34.3 ± 
5.7 
19.4 ± 3.4 22.0 ± 7.8 12,000-
100,000 
HD (nm) (pH 7) 1210 547 102 - 
Zeta potential (mV) 
(pH 7) 
0 ± 3.5 +21 ± 4.3 -12 ± 2.7 -27 ± 4 
Molar ratio of total 
Ca : P 
1.67 1.77 1.64 1.67 
Soluble P in water 
(mg/L) 
0.71 0.96 1.62 0.63 
Solubility constants 
(pKsp)b 
84 83 77 90 
a Particle size was determined using ImageJ (n=50) using scanning electron micrographs; b pKsp 
= 10p[Ca] + 6p[PO4] + 2p[OH] 
3.4 Discussion 
The drying temperature played an important role in the physicochemical characteristics of the HA-
NPs, with particle size increasing slightly with increasing temperature (Fig. 3.1). Amorphous particles 
were found to bind with each other in samples after sintering at 800 °C for 12 h. This is in agreement 
with the observations of poorly crystalline HAP by Raynaud et al. (2002) who reported that CaHPO4 
was first formed, before forming β-Ca2P2O7 and β-Ca3(PO4)2 through dehydroxylation above 700°C. 
The single peak of the size distribution of the HA-NPs in DI water was due to this homogeneous 
phase of the fabricated HA-NPs (Fig. 3.2). The HD of the particles was larger than the particle size 
obtained using SEM, presumably due to the aggregation of the nanoparticles within the solution. 
Next, glycine and ammonium citrate dibasic were used to modify the HA-NPs in order to alter the 
surface charge. According to (Lee et al., 2013), the surface modification of HA-NPs using amino 
acids can result in either a positive charge or a negative charge, depending upon the pKa of the -COO- 
and -NH3+ groups. In the present study, glycine was used to successfully modify the HA-NPs to yield 
a greater positive surface charge than the unmodified HA-NPs across the pH range of interest (4.5-
10.5), while the ammonium citrate dibasic modified HA-NPs had a negative charge (Fig. 3.3). The 
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addition of glycine or ammonium citrate dibasic into HA-NPs preparation solution containing Ca2+ 
and PO43- ions leads to: (1) the preferential binding of -NH3+ terminus to PO43- free ions, increasing 
the number of free Ca2+ ions when compared with PO43- in the solution, therefore enhancing the 
positive value of treated HA surface charge, or (2) COO- groups preferentially binding to Ca2+ free 
ions, decreasing the concentration of free Ca2+ in solution, which then contributes to the negative 
magnitude of the zeta potential value. Regardless, the side groups (i.e. unbound COO- and NH3+) in 
the modifying agents are also important in controlling the type and magnitude of charge on the HA 
surface. Adsorption of the modifiers onto (or into) the HA-NPs was also confirmed by the presence 
of specific bands in the 1200-1800 cm-1 region of the FTIR spectra (Fig. 3.7), which corresponded to 
asymmetric stretching and bending of -C=O and -NH2 groups. In addition, the vibration band of -OH 
was almost absent in the FTIR spectra for HA-NPs(+) and HA-NPs(‒) due to the neutralization 
reaction of hydroxyl groups from HAP and hydrogen ions hydrolysed from carboxylic acids during 
surface modification.  
The surface charge of HA-NPs plays a dominant role in the stability of the HA-NPs suspension. 
As observed in the present study (Fig. 3.4 and Table 3.1), the net surface charge of the HA-NPs (+) 
follows the order: HA-NPs(+) > HA-NPs(0) > HA-NPs(‒). The increase in net charge on the surface 
of HA-NPs can provided larger charge repulsion and hence a higher energy barrier to aggregation 
between HA-NPs, thus increasing stability of the HA-NPs suspension (Fig. 3.4). 
 
3.5 Conclusions 
Three types of HA-NPs were synthesised with an average particle size of 25.7 nm. Importantly, 
surface charge differed between the various treatments, yielding surface charge values of +21 
(±4.3), 0 (±3.5) and −12 (±2.7) mV with the corresponding hydrodynamic sizes being 1210, 547, 
and 102 nm in a neutral medium (pH 7), respectively. The chemical composition was confirmed as 
hydroxyapatite, and the modification was through the neutralization of hydroxyl groups from HAP 
and hydrogen ions hydrolysed from modifier agent. 
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Chapter 4: The release dynamics of HA-NPs and P availability in two different 
soils: an acid Ultisol and an alkaline Vertisol 
Abstract 
In this chapter, three types of HA-NPs differing in surface charge (negative, neutral, and positive) 
were incubated in two P deficient soils (an Ultisol and a Vertisol) in the laboratory for up to 240 d in 
order to investigate changes in availability. It was found that in the Ultisol (pH 4.7), the addition of 
HA-NPs resulted in a smaller initial increase in P availability than triple superphosphate (TSP) due 
to their lower solubility. However, P availability in the TSP treatment decreased over time due to 
adsorption of P to the soil constituents, with a concomitant increase in the NaOH-extractable P 
fraction. In contrast, the release of P from the HA-NPs remained relatively constant over the entire 
incubation period. After 45 d, the soils amended with negatively charged HA-NPs had higher levels 
of available P when estimated using diffusive gradients in thin films (DGT-P) compared to both the 
neutral and the positively charged HA-NPs. In the Vertisol (pH 8.2), although the addition of TSP 
increased P availability markedly, amendment with the three HA-NPs did not increase P availability 
due to the low solubility of hydroxyapatite at this high pH. Indeed, for the Vertisol, most of the P 
added as HA-NPs remained in the Ca-P fraction. These results show that for the acidic Ultisol, HA-
NPs with altered surface charges are a useful form of controlled release P, although in an alkaline 
Vertisol they were of only low solubility. 
4.1 Introduction 
It is estimated that a total of 5.7 billion ha of land worldwide contains low levels of plant-available 
P (Cakmak, 2002). As a result, in 2016 alone, an estimated 261 million tons of phosphate rock was 
mined and used globally for crop production (Ober, 2017), with this predicted to increase further due 
to an increased population, changing diets, climate change policies, and the silent demand in Africa 
(Steen, 1998; European Fertiliser Manufacturers Association, 2000; Cordell and White, 2011). 
Application of conventional soluble P fertilisers, such as triple superphosphate (TSP, Ca[H2PO4]2), 
monoammonium phosphate (MAP, NH4H2PO4), diammonium phosphate (DAP, [NH4]2HPO4), 
ammonium polyphosphate liquid (APP, [NH4PO3]n), results in a rapid increase in the concentration 
of P in the soil solution, generally exceeding the saturation value of roots for P uptake (Kang, 2011). 
This soluble P remains in the soil solution where it potentially reacts with soil components, including 
through specific adsorption on the surface of clay minerals and Fe/Al oxides and hydroxides, and 
precipitation with Fe/Al and Ca minerals (Folle et al., 1995). As a result, several additions of P 
compounds may be required over time in order to maintain adequate levels of P to meet plant nutrition. 
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Conversely, this over-application of P fertilisers results in low efficiency of applied P and adverse 
environmental outcomes through their movement into water bodies, which results in eutrophication. 
Nanoparticle-based fertilisers, defined as particle having at least one dimension between molecular 
and micrometre scales, have been proposed as a novel technology to enhance nutrient-use efficiency 
and reduce environmental risks (Liu and Lal, 2014). Ideally, the nutrients from nanofertilisers should 
be released in a controlled manner that corresponds approximately to plant demands. Where it is 
possible to match nutrient release to the demands of the plant, this not only limits the conversion of 
the nutrient (P) to chemical forms that are of reduced availability to plants, but also reduces loss to 
other environmental compartments (DeRosa et al., 2010; Wang et al., 2016b). Concomitantly, by 
increasing the efficiency with which the applied nutrients are utilised, this will also decrease the 
frequency with which the fertilisers need to be applied. Although nanofertilisers have been 
demonstrated to potentially promising (Ghormade et al., 2011; Khot et al., 2012), little information 
is available in the literature. Recently hydroxyapatite nanoparticles (HA-NPs) have been examined 
to determine if they are suitable as an alternative to conventional P fertilisers. However, the fate of 
HA-NPs applied into soils, i.e. P release dynamic and P speciation, is largely unknown. 
 
The aim of this chapter was to examine the suitability of HA-NPs as P fertilisers. Of particular 
interest, HA-NPs were examined that differed in their surface charge, with this expected to not only 
alter how the NPs interact with the soil solid phase, but also influence their self-aggregation when 
applied to soil. Accordingly, three forms of HA-NPs were prepared with negative, neutral, or positive 
surface charges (Chapter 3). Using these three forms of HA-NPs plus TSP and bulk HAP, the 
solubility of these HA-NPs were compared to bulk HAP as well as examining the influence of pH on 
surface properties of the NPs. Secondly, a laboratory incubation study was conducted using two P-
deficient soils (an acidic Ultisol and an alkaline Vertisol) that differed widely in their properties. 
Using the two soils, it was examined whether the surface properties (specifically, the surface charge) 
of the HA-NPs influences their interaction with the soil. Soils were incubated for up to 240 d, with 
changes in P forms and availability examined. Thirdly, the effect of soil pH on P availability of HA-
NPs was examined by incubating soils amended with HA-NPs after adjusting the pH of the soil to 
different values. It is hoped that the information obtained in the present study will assist in the 
development of a strategy that maximises P fertiliser use efficiency in order to supply P according to 
the nutritional demands of plants. 
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4.2 Methods and materials 
4.2.1 Soil collection and characterization 
Topsoil (0-20 cm) was collected from two P-deficient soils (an Ultisol and a Vertisol, Soil Survey 
Staff (2014)) that differed in many of their properties (Table 4.1). The Ultisol was collected from a 
forested area in Beerwah (Queensland, Australia) with an average annual precipitation of 1590 mm, 
while the Vertisol was collected from an agricultural cropping region in Colonsay (Queensland, 
Australia) with an average annual precipitation of 624 mm. These soils were air-dried and sieved (2 
mm) before characterization. Soil pH and EC were measured in a 1:5 soil:water suspension. Soil 
cation exchange capacity (CEC) was measured by saturating the sample with a 0.5 M barium chloride 
solution then displacing the sorbed Ba2+ with a 1.0 M ammonium acetate solution (Sumner and Miller, 
1996). Soil (oxy/hydr)oxides of aluminium (Al) and iron (Fe) were determined using the citrate-
dithionate extraction according to Loeppert and Inskeep (1996) and Bertsch and Bloom (1996), 
respectively. Total carbon (C) and nitrogen (N) concentrations were measured using dry combustion 
on a LECO furnace (TruSpec CHN analyser) (Matejovic, 1997). Total P was determined by ICP-OES 
after digestion in aqua regia (Zarcinas et al., 1996). The soil P status was investigated using Colwell-
P (Colwell, 1963) and sequential extraction (Guppy, 2000). The phosphorus buffering indices (PBI) 
was calculated after a single addition of 1000 mg P/kg was added to soil (Burkitt et al., 2002). 
Different P fractions in soils were determined through sequential extraction as described below.   
Table 4.1. Selected properties of soils tested in the present study. 
Soil properties Ultisol Vertisol 
pH [1:5 H2O] 4.7 8.2 
EC (dS/m) [1:5 H2O] 0.01 0.3 
CECa (cmol(c)/kg) 0.7 60 
Fe (citrate-dithionate, g/kg) 8.1 3.2 
Al (citrate-dithionate, g/kg) 2.7 3.3 
Total organic C (%) 0.77 1.21 
Total N (g/kg) 1.1 1.3 
Colwell-P (mg/kg) 4.0 17 
PBIb (mg/kg) 82.7 130 
Resin-P (mg/kg) 2.5 15 
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Bicc-P (mg/kg) 2.6 6 
NaOH-P (mg/kg) 14 28 
HCl-P (mg/kg) 1.0 32 
Residue-P (mg/kg) 12 56 
Texture Sandy Loam Heavy Clay 
Clay fraction Kaolinite Smectite  
                                            a CEC, cation exchange capacity; b PBI, phosphorus buffer indices. c Bic-P, Bicarbonate-P    
4.2.2 Soil incubation 
Two soil incubation studies were carried out to assess the suitability of applying HA-NPs as P 
fertilisers. The first incubation study investigated two soils amended with different P compounds to 
examine changes in P behaviour over time. The second study focused on the effect of soil pH on HA-
NPs availability by amending soils with different pH values with various P compounds.  
For the first incubation study, the two soils were incubated with five different P compounds, being 
TSP (Ca(H2PO4)2, Sigma), the three types of HA-NPs which differed in their surface charge (see 
Results for details), and bulk HAP (Nanjing Emperor Nano Material Co., Ltd; 12-100 µm), yielding 
a total of 12 treatments (including a control for both soils) with three replicates. For each experimental 
unit, 150 g of soil was used, with P applied at a rate of 150 mg/kg soil (Montalvo et al., 2015). This 
was calculated to correspond to a P application rate of ca. 150 kg/ha (assuming a bulk density of 1 
g/cm3 and a depth of 10 cm). Soils were incubated at 25 °C in the dark, with containers covered by 
lids containing four small holes to allow for gaseous exchange whilst also limiting moisture loss. Soil 
moisture was adjusted weekly by weighing the samples and adding DI water as required. Samples (2 
g) were collected from each experimental unit after incubation for 0, 1, 3, 7, 15, 23, 45, 58, 90, 108, 
and 240 d for measurement of Colwell-P (below). Additional samples (30 g) were collected after 1, 
45 and 240 d for assessment of P by diffusive gradient in thin films technique (DGT) and for 
sequential extraction. 
For the second incubation study, the pH of the Ultisol was increased from 4.7 to 5.6, 6.7, or 8.1 
using NaOH (0.5 M). These soils were incubated with three different P amendments, being TSP, the 
uncharged HA-NPs, plus the bulk HAP, yielding a total of 16 treatments with three replicates. The 
soils were incubated for 21 d as described above. Samples (2 g) were collected from each 
experimental unit after incubation for 21 d for measurement of Colwell-P (below). 
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4.2.3 The availability and fractionation of P in soil 
For assessment of Colwell-P (Colwell, 1963), soil samples (0.8 g oven dry equivalent) were placed 
into a 50 mL centrifuge tube and 40 mL of 0.5 M NaHCO3 added (1:50), with pH adjusted to 8.5 
using NaOH. The samples were mixed end-over-end for 16 h before being centrifuged for 5 min and 
filtered (0.45 µm, Millipore). Concentrations of P in the extract were determined using ICP-OES. 
The availability of P was also assessed using the DGT technique (Mason et al., 2010). Soils (20 g 
oven dry equivalent) were wet to field capacity and allowed to equilibrate for 24 h. The DGT units 
were rinsed with DI water and soil paste smeared gently on the exposure window (filter membrane) 
of the DGT device. The DGT device was pressed gently onto the soil surface, ensuring good contact 
between the soil and the membrane. On retrieval (after 24 h), the DGT unit was rinsed with a stream 
of DI water and any obvious surface water was removed by gently blotting with clean tissue paper. 
The cap was removed, and the filter and diffusive gel layer was peeled off. The bottom resin-gel layer 
was collected and placed in a clean sample tube. Then 2 mL of 1 M H2SO4 solution was added, 
making the resin gel fully immersed in the solution. After 24 h, the P concentration in the H2SO4 
eluent after appropriate dilution was determined using ICP-OES. 
The soil samples (0.5 g oven dry equivalent) collected after 0, 45 and 240 d were subjected to 
sequential P fractionation using a modified Hedley et al. (1982a) procedure as described by Guppy 
(2000), classifying P into five fractions: resin-P, NaHCO3-P (Bicarbonate-P, hereafter abbreviated as 
Bic-P), NaOH-P, HCl-P and residue-P. The soil samples were placed in 50 mL centrifuge tubes and 
sequentially extracted using two anion exchange resin strips (20 mm × 62.5 mm, previouly soaked 
for at least 24 h in 0.5 M NaHCO3) in 30 mL DI water, 30 mL of 0.5 M NaHCO3, 30 mL of 0.1 M 
NaOH, and 30 mL of 1.0 M HCl after mixing using an end-over-end shaker at room temperature for 
16 h. Next, samples were centrifuged (2500 RPM for 30 min, except for the HCl extractant which 
was left to settle overnight) before the supernatants were filtered (0.45 µm, Millipore). The 
concentration of P in the eluent was then determined using ICP-OES. The remaining soil residue was 
digested by 5 mL H2SO4-HClO4 (20:1) and 0.5 g of MgSO4 for 3 h (temperature slowly increasing to 
360 °C). The solution was allowed to settle overnight, with the P concentration determined using 
ICP-OES. 
For soils to which the various HA-NPs and the bulk HAP had been added and incubated for 7 d, 
soil solutions were extracted using centrifuge drainage (Gillman, 1976). Concentrations of Ca, Al, B, 
Cu, Fe, K, Mg, Mn, Mo, Na, S, Si, and Zn in the soil solution were analysed using ICP-OES. 
Concentration of P in the soil solution was analysed using FIA. The composition of the soil solution 
was modelled using PhreeqcI version 3.1.7 (Parkhurst, 2014), giving particular attention to the 
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saturation indices for hydroxyapatite. The default Phreeqc database was used, except for the values 
for hydroxyapatite which were modified to those values calculated in the present study (see earlier). 
In the present study, P concentrations were measured in the extractants using ICP-OES. This is 
becoming increasingly common (for example, Pittman et al., 2005, Adesanwo et al., 2013, and 
Eriksson et al., 2016) and linear relationships have been reported between concentrations measured 
using ICP-OES and colourimetric approaches, although ICP-OES can sometimes give higher results 
due to potential measurement of any organic P in the extractants (Kuo, 1996). In the present study, 
12 extractants were randomly selected and measured P using both ICP-OES and molybdate blue 
colourimetric assay (Murphy and Riley, 1962). A linear relationship was found with a slope of 0.97 
(R2 > 0.99) (Fig. 4.1). 
Fig. 4.1. Plot of ICP-P against colourimetric-P in randomly seleted 12 solution samples (extractants 
including resin, NaHCO3, NaOH, HCl) during sequential extraction of two soils: an Ultisol and a 
Vertisol. 
 
4.2.4 Statistical analysis 
Using SPSS v24, results were analysed using a one-way analysis of variance (ANOVA). Main 
treatment effects and their interactions (soil type, P source, incubation stage) were tested using 
differences of least squares means. The amount of fertiliser derived-P in each P fraction (Fi) and each 
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treatment (Tx) was calculated by subtracting the respective amount of P in the control and then 
expressed as percentage of total fertiliser derived P: 
P (Fi)Tx = [absolute value of P content (Fi)Tx - absolute value of P content (Fi)control] / [total PTx -
total Pcontrol]. 
4.3 Results 
4.3.1 The availability of P over time upon incubation 
In the Ultisol, the addition of HA-NPs increased Colwell-P from 4 mg/kg (background) to an 
average of 25 mg/kg across the incubation period (Fig. 4.2a). However, the magnitude of this increase 
was greater for the addition of TSP, with Colwell-P increasing to an average of 44 mg/kg across the 
duration of the experiment. The release of P by the three HA-NPs compounds was lower than for the 
TSP and bulk HAP treatments, but its concentration remained more stable over time (Fig. 4.2a). For 
instance, the addition of TSP resulted in an immediate and marked increase (from 4 to 67 mg/kg) in 
Colwell-P after only 1 d of incubation. However, following this initial rapid increase, levels of 
Colwell-P in the TSP treatment then gradually decreased to 38 mg/kg after 45 d, and to 27 mg/kg 
after 240 d. In contrast, Colwell-P in the HA-NPs treatments was 10 mg/kg for HA-NPs(+), 16 mg/kg 
for HA-NPs(0), and 20 mg/kg for HA-NPs(‒) after 1 d. These values increased slowly to values 
somewhat similar to the TSP, being 26 (HA-NPs(+)), 31 (HA-NPs(0)) and 36 mg/kg (HA-NPs(‒)) 
after 45 d, and 23 (HA-NPs(+)), 26 (HA-NPs(0)), and 32 mg/kg (HA-NPs(‒)) after 240 d (Fig. 4.2a). 
For P in the soil solution, TSP increased soluble P from 0.14 mg/L (background) to 0.41 mg/L after 
7d, whereas the three HA-NPs and bulk HAP increased the value to a similar level (~0.20 mg/L). 
According to calculations using PhreeqcI, the soil solution of the Ultisol was undersaturated with 
respect to the HA-NPs, with a saturation index of -24.9. 
In the Vertisol (Fig. 4.2b), values for Colwell-P did not change substantially after the addition of 
any of the HA-NPs or the bulk HAP, with these values remaining close to the control (17 mg/kg) 
across the entire incubation (240 d). In contrast, values for Colwell-P in the TSP treatment increased 
rapidly to 82 mg/kg after 1 d, remaining high (76 mg/kg) until the end of incubation. The HA-NPs 
and bulk HAP did not increase the P concentration in soil solution either, whereas TSP increased 
soluble P from 0.20 to 1.78 mg/L. From calculations using PhreeqcI, the soil solution of the Vertisol 
was predicted to be oversaturated with respect to the HA-NPs, with a saturation index of 19.24. 
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Fig. 4.2. Changes in Colwell-P measured in an Ultisol (a) and a Vertisol (b) after addition of five 
different P-containing compounds, including triple superphosphate (TSP), positively charged HA-
NPs (HA-NPs(+)), neutral HA-NPs (HA-NPs(0)), negatively charged HA-NPs (HA-NPs(‒)) and bulk 
hydroxyapatite (bulk HAP). Soils were incubated for up to 240 d. Data are the arithmetic mean of 
three replicates, with the standard deviation shown. 
Next, P availability was assessed by measuring DGT-P. For the Ultisol (Fig. 4.3a), the addition of 
all five P compounds increased the DGT-P concentration from 20 µg/L (background) to ca. 35 µg/L 
after 1 d. Concentrations of DGT-P did not change across the 240 d experimental period, except for 
the HA-NPs(‒) where the DGT-P increased to 60 µg/L after 45 d and remained 58 µg/L after 240 d 
(p < 0.05). For the Vertisol (Fig. 4.3b), neither the addition of the three HA-NPs nor the addition of 
bulk HAP altered the concentration of DGT-P after 1 d, compared to the control (43 µg/L), whereas 
the addition of TSP increased DGT-P to 377 µg/L. However, the DGT-P concentration in HA-NPs 
treatments slightly increased to ca. 75 µg/L after 45d, and was unchanged after 240 d. Furthermore, 
the DGT-P in TSP treatment remained high (421 µg/L) after 240 d. 
 
Fig. 4.3. Diffusive gradient in thin-film P concentration (DGT-P) for an Ultisol (a) and a Vertisol (b) 
measured 1 and 108 d after addition of five different P-containing compounds, being triple 
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superphosphate (TSP), positively charged HA-NPs (HA-NPs(+)), neutral HA-NPs (HA-NPs(0)), 
negatively charged HA-NPs (HA-NPs(‒)) and bulk hydroxyapatite (bulk HAP). Soils were incubated 
for up to 240 d. Data are the arithmetic mean of three replicates, with the standard deviation shown. 
The DGT values over time (1, 45 and 240 d) were statistically compared using a one-way ANOVA, 
LSD test, * p < 0.05. 
4.3.2 Fractionation of P 
Using sequential extraction, the P added within the five compounds (three HA-NPs compounds, 
TSP, and bulk HAP) was found to be present in different pools (Fig. 4.4). In the Ultisol, the largest 
proportion (33-52%) of the added P was present within the labile pool (resin P + Bic P), regardless 
of the form in which the P was added across the entire incubation (Fig. 4.4a). The remainder of the 
added P was found to be present as NaOH-P (22-33%) and residue-P (15-23%). Upon initial 
amendment with the P compounds, the labile pool (resin-P + Bic-P) was significantly (p < 0.05) 
higher in TSP treatment (86 mg/kg) than in the three HA-NPs treatments (45-63 mg/kg), with no 
significant differences among the three HA-NPs treatments (p < 0.05). Across the incubation period, 
the labile pool (resin-P + Bic-P) in the TSP treatment decreased from 86 mg/kg after 1 d to 63 mg/kg 
after 45 d (data not shown in Fig. 4.4a), reaching 56 mg/kg after 240 d (Fig. 4.4a). In contrast, labile 
P (resin-P + Bic-P) increased slightly following the addition of the three HA-NP compounds, with 
values after 1 d being 53 mg/kg for HA-NPs(+), 50 mg/kg for HA-NPs(0) and 47 mg/kg for HA-
NPs(‒) (data not shown in Fig. 4.4), and after 240 d being 68 mg/kg for HA-NPs(+), 69 mg/kg for 
HA-NPs(0) and 87 mg/kg for HA-NPs(‒) (Fig. 4.4a). Meanwhile, the NaOH-P pool gradually 
increased over time across all treatments, with the concentration in the TSP treatment (increasing by 
32 mg/kg) being higher than in the HA-NPs treatments (increasing by ca. 17 mg/kg) (Fig. 4.4a). 
For the Vertisol, across the entire incubation period (measured after 1, 45, 240 d), most of the P 
applied within TSP (82%) was found to be present as labile P (resin-P + Bic-P), whereas the majority 
of the P added within HA-NPs (67-71%) and bulk HAP (65%) was found to be as the HCl-P pool. 
For the TSP, labile P (resin-P + Bic-P) remained high at 102-148 mg/kg across the entire duration of 
the experiment, whereas for the HA-NPs, labile P (resin-P + Bic-P) remained constant at the same 
level as the control (26 mg/kg) (Fig. 4.4b). 
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Fig. 4.4. Sequential extraction of P for an Ultisol (a) and a Vertisol (b) after 1 d or 240 d, following 
the addition of five different P-containing compounds, being triple superphosphate (TSP), positively 
charged HA-NPs (HA-NPs(+)), neutral HA-NPs (HA-NPs(0)), negatively charged HA-NPs (HA-
NPs(‒)) and bulk hydroxyapatite (bulk HAP). Soils were incubated for up to 240 d. Data are the 
arithmetic mean of three replicates. Bicarbonate-P is abbreviated as Bic-P. 
4.3.4 The effect of soil pH on P availability 
The effect of soil pH on P availability upon addition of the P-containing compounds was examined 
by measuring Colwell-P concentrations after incubation for 21 d (Fig. 4.5). For the Ultisol (original 
pH of 4.7), increases in pH markedly decreased the magnitude of the increase in P availability for the 
HA-NPs and bulk HAP compounds, but not for the TSP (Fig. 4.5). Indeed, Colwell-P concentrations 
decreased from 31 mg/kg at pH 4.7 to 1 mg/kg at pH 8.1. It was not possible to examine the influence 
of soil pH on P availability for the Vertisol, as the soil was calcareous (Table 4.1) and hence its 
acidification would result in marked increases in concentrations of soluble Ca which would directly 
alter the solubility of the various hydroxyapatite compounds and hence confound observations 
regarding the effects of pH on solubility. 
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Fig. 4.5. Changes in Colwell-P measured in an Ultisol with different pH after addition of three 
different P-containing compounds, including triple superphosphate (TSP), neutral HA-NPs (HA-
NPs(0)), and bulk hydroxyapatite (bulk HAP). Soils were incubated for up to 21 d. Data are the 
arithmetic mean of three replicates, with the standard deviation shown. 
4.4 Discussion 
It has been proposed that HA-NPs may be suitable for use as a P fertiliser because of their 
appropriate dissolution rate and higher mobility in porous media compared to their bulk counterparts 
(Liu and Lal, 2014; Montalvo et al., 2015). In the present study, the three HA-NPs compounds were 
prepared which differed in their surface charge. Changes in P behaviour were examined in two soils, 
an Ultisol at pH 4.7 and a Vertisol at pH 8.2. For the Ultisol, it was found that HA-NPs provided an 
advantage over TSP and bulk HAP through their slower and more controlled increase in P availability 
(Fig. 4.2a). In addition, the surface charge of the HA-NPs slightly altered their behaviour, with the 
HA-NPs(‒) in the Ultisol having higher DGT-P values after 45 d of incubation, compared to HA-
NPs(+) and HA-NPs(0) (Fig. 4.3a). In contrast to the Ultisol, for the alkaline Vertisol, the three HA-
NPs and the bulk HAP did not alter the soil P availability, with most of the added P remaining as Ca-
P forms (Fig. 4.4b). However, it is possible that this Ca-associated P would be available to replenish 
the labile P pool due to the change of rhizosphere pH (acidification or alkalization), and decreases in 
the rhizospheric P concentration due to plant uptake (Hinsinger and Gilkes, 1996; Chan et al., 1988; 
Dalal, 1997; Wang et al., 2007; Guo, et al., 2000; Gérard et al., 2016). The behaviour of the HA-NPs 
contrasted to that of the TSP, the addition of which to the Vertisol gave an immediate and sustained 
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increase both in Colwell-P and DGT-P (Fig. 4.3b and Fig. 4.4b). To examine the importance of soil 
pH on P-availability of HA-NPs, the pH of the Ultisol was increased up to 8.1 prior to the addition of 
the various P-containing compounds. For the hydroxyapatite compounds, it was found that the 
increase in pH decreased the availability of P, presumably due to the decreased solubility of the 
hydroxyapatite. 
Changes in P behaviour in an acid Ultisol 
First, for the Ultisol (pH 4.7), consideration was given to the initial changes in P availability after 
1 d. Both TSP and HAP had a relatively high solubility (Lindsay, 1979), with their addition increasing 
P availability. Accordingly, upon initial addition of P in the five different forms, P availability 
increased an average of 925% as Colwell-P and 75% as DGT-P after 1 d (Fig. 4.2a and Fig. 4.3a). 
This increase was greatest for TSP, which increased extractable P (Colwell-P) from 4 to 67 mg/kg 
after 1 d due to its higher solubility (Lindsay, 1979). In contrast to several previous studies (Borm et 
al., 2006; Alston and Chin, 1974; Bolland and Gilkes, 1989) that have demonstrated that P availability 
increased with decreasing size of HAP (due to higher solubility), it was found that the initial 
extractable P levels supplied by HA-NPs (nano-sized) were lower than the bulk HAP (micro-sized) 
despite the HA-NPs having a higher solubility compared to the bulk HAP. This observation could be 
attributed to their greater adsorption onto soil particles due to their smaller size and larger specific 
area. Specifically, it is known that soil constituents including iron and aluminum (oxy/hydr)oxides, 
calcite, organic matter, and some clay minerals often have a high P sorption capacity (Wang et al., 
2011; Freeman and Rowell, 1981; Rahnemaie et al., 2007; Gérard, 2016; Andersson et al., 2016a; 
Andersson et al., 2016b). Upon their addition to the soil, the HA-NPs tend to form larger-sized 
particles due to self-/hetero-aggregation and adsorption onto oppositely charged sites via electrostatic 
attraction. For instance, the hetro-aggregation of HA-NPs with goethite nanoparticles (which is 
naturally occurring in most soils) was examined in a porous media by Wang et al (2015). These 
authors found that like phosphate, the HA-NPs sorbed onto variably charged surfaces, thereby 
providing a new sorption site that then attracts oppositely charged ions – this leading to the occlusion 
of the HA-NPs within the amorphous interlayered product (Rick and Arai, 2011; Zhou et al., 2012). 
As a result, this attraction between HA-NPs and soil particles, together with the self-aggregation of 
HA-NPs, reduce their solubility by lowering their exposure to protons and ligands. This was also 
confirmed by modelling using PhreeqcI, which predicted that the soil solution of the Ultisol was 
undersaturated with respect to the HA-NPs, with a saturation index of -24.9. 
The rapid increase in Colwell-P concentrations (compared to HA-NPs) upon addition of TSP (Fig. 
4.2a) is consistent with previous studies (Mullins and Sikora, 1994; Schmidt et al., 1997; Shepherd 
and Withers, 1999; Halajnia et al., 2009). However, this rapid increase in P availability is generally 
unfavourable due to the higher leaching risk, higher adsorption and precipitation rates – these 
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processes, impairing fertiliser use efficiency and increasing environmental risks (Parry 1998). In a 
similar manner, concentrations of DGT-P for the Ultisol increased following the addition of the five 
P-containing compounds (Fig. 4.3a), notably with no significant difference across all five P 
treatments. The apparent discrepancy between measurements of Colwell-P (which indicated a higher 
availability for TSP after 1 d, Fig. 4.2a) and DGT-P (which indicated similar availability across all 
treatments, Fig. 4.3a) can be attributed to the different mechanisms of the two methodologies, with 
the DGT technique responding to kinetics of release from the soil while Colwell-P is based upon a 
pseudo-equilibrium between the extractant and soil (Degryse et al., 2009). According to the P 
fractionation results, labile P increased for all P compounds investigated, although the magnitude 
differed between treatments (Fig. 4.4a). Comparing results from the two P-tests and the P 
fractionation, it was noted that values for P fractionation for the Ultisol after incubation for 1 d 
corresponded well with Colwell-P, with the labile pool (resin-P + Bic-P) being larger following an 
addition of TSP than for the bulk HAP and HA-NPs treatments (Fig. 4.4a).  
Next, it was considered how P availability changed across the entire 240 d experimental period. 
After the initial rapid increase in available P following the addition of TSP (as measured using both 
Colwell-P and sequential fractionation), concentrations decreased over time. Indeed, after 240 d, 
concentrations of Colwell-P and labile P (resin-P + Bic-P) were similar for TSP as for the remaining 
sources of P (Fig. 4.2a and Fig. 4.4a). Most importantly, it was noted that this gradual decrease in P 
availability for the TSP treatment was associated with increased P within the NaOH-P fraction 
(increasing from 58 mg/kg after 1 d to 79 mg/kg after 240 d, Fig. 4.4a). The NaOH-P fraction 
corresponds to P desorbed from soil sorbents (i.e. Al/Fe oxides and clay minerals), as well as P 
dissolved from Fe/Al-P minerals. The decrease in labile P over time likely occurs first through a fast 
reversible sorption (i.e. electrostatic attraction between oppositely charged particles), plus a slow 
almost irreversible process consisting of diffusion through the sorbing layer followed by precipitation 
or deposition below the sorption surfaces (Leal et al., 2006; Arai and Sparks, 2007). The slow reaction 
which follows may continue for 6 months or more (Bowden et al., 1980). Compared to the TSP, the 
increase in the NaOH-P for the soils to which HA-NPs were added was smaller (Fig. 4.4a), providing 
evidence that the slow release of P by HA-NPs reduced the interaction (adsorption, precipitation) of 
dissolved P ions with soil constituents (Fe/Al oxides, clay minerals). 
Thus, for the acid Ultisol, the application of HA-NPs as a P fertiliser could potentially be similar 
in effectiveness to conventional soluble P fertilisers (i.e. TSP), with the HA-NPs possibly having a 
higher use efficiency compared to TSP. 
Changes in P behaviour in an alkaline Vertisol 
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For the Vertisol (pH 8.2), TSP increased P availability (both in Colwell-P and DGT-P) rapidly 
after 1 d and it remained high (ca. 80 mg/kg in Colwell-P and ca. 400 µg/L in DGT-P) across the 
entire incubation. The high P availability brings about high P leaching risks since that P leaching 
potential was found to be closely related to extracted P concentration (Hesketh and Brookes, 2000; 
Pote et al., 1996; Maguire and Sims, 2002). The other four forms (three HA-NPs and bulk HAP) did 
not increase P availability (estimated both as Colwell-P and as DGT-P) after 1 d, due to the low 
solubility at this pH value (Lindsay, 1979). Furthermore, the high Ca concentration in the soil solution 
also inhibited the dissolution of HAP, as evidenced by the modelling using PhreeqcI, with the soil 
solution of the Vertisol predicted to be supersaturated (saturation index of 19.24) with respect to the 
HA-NPs, despite the solution P concentration being low. Thus, despite their addition to the soil, their 
dissolution rate was low, and much remained in the soil as hydroxyapatites. Indeed, P fractionation 
showed that the majority of the P added within HA-NPs (67-71%) and bulk HAP (65%) was found 
to be as the HCl-P pool (acid soluble Ca-P compounds). Whereas most of the P applied within TSP 
(82%) was found to be present as labile P (resin-P + Bic-P). It is known that plants access acid-soluble 
pool of P in alkaline and pH-neutral soils (Hedley et al., 1982b; Guo et al., 2000; Dalal, 1997; Wang 
et al., 2007). In these alkaline and pH-neutral soils where the solubility of Ca-P minerals is low 
(Lindsay, 1979), plants commonly decrease the rhizosphere pH (Hinsinger, 2001; Marschner et al., 
1986; Qin et al., 2011). Therefore the replenishment of labile P pool by either sorbed P or mineral 
phases is expected to be intensified, as is shown previously (Hinsinger and Gilkes, 1996; Chan et al., 
1988; Dalal, 1997; Wang et al., 2007; Guo, et al., 2000). Recently Gérard et al (2016) reported that P 
release was also enhanced by desorption when alkalisation occurs. Many plants increase their 
rhizosphere pH (Betencourt et al., 2012) and the alkalisation could produce deprotonation of anion 
adsorption sites and thus PO4 desorption (Devau et al. 2011; Weng et al. 2011). Furthermore, the 
decrease in Ca and P concentrations in the rhizosphere due to their plant uptake would further shift 
the equilibrium (Bolan et al., 1994). The extent to which this P reserve would be available to plants 
would depend upon the soil pH buffering capacity as well as the individual plant itself, with plants 
known to differ in their capacity to acidify/alkalify the rhizosphere and to take up P (Conyers and 
Moody, 2009; Fageria and Stone, 2006; Grinsted et al., 1982; Hinsinger, 2001; Hinsinger and Gilkes, 
1996; Schachtman et al., 1998). Thus, for the alkaline Vertisol, although the addition of HA-NPs did 
not increase P availability immediately (Fig. 4.2b), their effectiveness as a fertiliser needs further 
examination. 
Effect of surface functionalisation (surface charge) 
It was examined whether the surface charge of the HA-NPs would influence their behaviour in the 
charged (Table 4.1) soil matrix. However, the charge of the HA-NPs was not observed to impact 
markedly upon the availability of P. For example, for the Ultisol, values for Colwell-P and DGT-P 
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indicated that P availability was similar for all three HA-NPs, although being potentially slightly 
higher for the HA-NPs(‒) (Fig. 4.2a and Fig. 4.3a). This slight increase in P availability for the HA-
NPs(‒) could be attributed to that the negative surface charge of HA-NPs competing with the 
phosphate ions for the adsorption sites in soil, thus increasing the free P ions in soil solution. The 
mechanism of phosphate adsorption onto hydrous oxide surfaces, proposed by Parfitt (1975), was 
replacing two surface hydroxyl ions (or water molecules) for one phosphate ion. Thus ions with 
negative charges compete with the P and alter its sorption to the soil components (for example 
competition between Si and P, see Bowden et al., 1980).  
Unlike HA-NPs(‒), which are negatively charged and adsorbed by soil constituents that bear 
positive charges (Hinsinger 2001), HA-NPs(+) and HA-NPs(0) would be attracted by negatively 
charged soil constituents due to their positive surface charges. The various charged sites within the 
soil matrix commonly include constant charged sites, i.e. minerals such as quartz, kaolinite, smectite, 
vermiculite and illite could bear constant negative charges due to the substitute for Si4+ or Al3+ by 
lower valence cations (such as Fe2+, Mg2+) at the tetrahedra/octahedra sites, and  variable charged 
sites which are commonly predominated by constituents with amphoteric surfaces like FeOH/AlOH 
groups, including Fe/Al oxides such as goethite, ferrihydrite, gibbsite, etc., and some clay minerals 
like imogolite and allophane, of which the edge face complexes Fe/Al with organic matter (Cui and 
Weng, 2013; Devau et al., 2009; Giesler et al., 2005). Such amphoteric surfaces carry a net positive 
charge at low pH while the net charge is negative at a high pH. In the acid Ultisol with low activity 
clays (LAC, CEC < 24 cmol(c)/kg, Table 1), the negative surface charges on clay minerals were 
apparently blocked. However, they could still contribute to the electrostatic attraction depending on 
their density and distribution on the surface of soil colloids (Bowden et al., 1980). For instance, 
Elimelech et al. (2000) demonstrated that the geochemical heterogeneities of surface charges were a 
major factor controlling the fate of colloid in porous media. As a result, the electrostatic attraction of 
HA-NPs with soil constituents could be very complex and need further research. The surface charge 
of the HA-NPs would also influence their transport within the soil profile (see Montalvo et al., 2015 
for example) and P uptake by plants (Spielman et al., 2017), although these were not examined here.  
Effect of soil pH on P availability 
The solubility of HAP is expected to increase with decreasing pH (Lindsay, 1979). Accordingly, 
Colwell-P concentration continued to decrease from ca. 30 mg/kg at pH 4.7 to ca. 1 mg/kg at pH 8.1 
in HA-NPs and bulk HAP treatments. However, Colwell-P in TSP treatments slightly increased from 
38 mg/kg (pH 4.7) to 49 mg/kg (pH 8.1). This was likely caused by a lower concentration of 
extractable Fe/Al at a higher pH (Lindsay, 1979) leading to reduced P-sorption. Thus, when soil pH 
was increased, it would be expected that P should release from the soil. Thus the effectiveness of HA-
NPs is expected to increase with the decreasing pH due to the increasing dissolution of the HAP. 
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4.5 Conclusion 
In the present study, it was examined the behaviour of HA-NPs in soils in order to determine their 
potential suitability as a controlled release form of P. It was found that in an acid Ultisol, TSP was 
rapidly soluble and resulted in a large increase in P availability, while the HA-NPs had a more 
controlled release, indicating that HA-NPs potentially offer an advantage in this regard. However, P 
availability for the HA-NPs was similar to that from the bulk HAPs, and thus given their additional 
expense, it seems unlikely that they would currently be an attractive alternative. For the Vertisol, 
none of the four hydroxyapatite compounds increased P availability due to their low solubility at this 
pH (8.2). Indeed, the importance of pH was confirmed for the Ultisol, with increasing pH decreasing 
the magnitude of the increase in P availability upon addition of the hydroxyapatite compounds. 
Finally, the impact of the surface charge for the HA-NPs was examined, finding that negative surface 
charges might have slight advantages. Thus, although HA-NPs potentially provide an alternative for 
the controlled release of P in acid soils, their benefits over bulk HAP currently appear to be limited. 
Further work is required to examine the mobility of P within soils and to examine the impact of the 
various P compounds on plant performance.  
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Chapter 5: Glasshouse evaluation of synthesised hydroxyapatite nanoparticles 
(HA-NPs) as phosphorus (P) fertilisers on sunflower (Helianthus annuus) in an 
acid Ultisol and an alkaline Vertisol 
Abstract 
In this chapter, the fertilising effectiveness of the three synthesised HA-NPs (differing in surface 
charge) were examined using sunflower (Helianthus annuus) in a glasshouse pot experiment. Two P 
deficient soils were used, being an Ultisol and a Vertisol. The surface charge of the three HA-NPs 
was + 22.1, ‒ 1.37 and ‒ 13.8 mV at pH 7, with an average particle size of 25.7 nm. In the Ultisol 
(pH 4.7), addition of TSP or any of the three HA-NP compounds increased plant biomass by 6.4-11.6 
times, with the HA-NPs(‒) being significantly more effective than the other three P compounds 
(including TSP), increasing plant fresh biomass 16.5-fold for the shoots and 8-fold for the roots. The 
rock phosphate (RP) increased plant biomass the least (only by 1.5 fold). In the Vertisol, none of the 
three HA-NPs compounds or the RP significantly increased plant growth, whereas TSP increased 
plant fresh biomass by 28 % after 35 d. The results show that for the acid Ultisol, HA-NPs with 
altered surface charge are a potentially useful form for the supply of P. 
5.1 Introduction 
It is essential to develop strategies that optimise P management and improve P fertilise-use 
efficiency, by matching P fertiliser with soil physical and chemical properties, aiming at reducing 
consumption of chemical P fertiliser. Nano-fertilisers have been proposed as a promising solution 
due to their “slow release” properties (Ghormade et al., 2011; Gogos et al., 2012; Nair et al., 2010). 
For instance, hydroxyapatite nanoparticles (HA-NPs) have been recently examined to determine if 
they are suitable as an alternative for conventional P fertilisers. Liu and Lal (2014) examined 
carboxymethyl cellulose (CMC) stabilized HA-NPs on soybean (Glycine max) in an inert growing 
medium (50% perlite and 50% peat moss) using a pot experiment. These authors showed that the 
application of HA-NPs increased growth rate by 33 % compared to TSP and increased seed yield by 
20%. Specifically, these authors found that below-ground biomass increased by 41% whilst above-
ground biomass increased by 18% compared to TSP treatments. Similarly, Montalvo et al. (2015) 
evaluated the efficiency of HA-NPs in two acid and strongly P-sorbing soils (an Andisol and Oxisol). 
For these two soils, Montalvo et al (2015) found that although HA-NPs were better than bulk 
hydroxyapatite (HAP) (presumably due to their smaller particle size), TSP was still the most efficient 
fertiliser. Finally, an incubation study was previously used to examine the behaviour of P from HA-
NPs over time, with three types of HA-NPs examined that differed in their surface charge (Chapter 
4) (Xiong et al., 2018). It was found that in an acid Ultisol, the HA-NPs provided a slower increase 
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in P availability than did the TSP, but the HA-NPs did not increase P availability in an alkaline 
Vertisol due to their low solubility at this high pH (8.2). These studies demonstrate the need for further 
work to examine the effectiveness of HA-NPs when used as a fertiliser, particularly as influenced by 
soil properties. 
In this chapter, the effectiveness of three HA-NPs as P fertilisers was examined using sunflower 
(Helianthus annuus) in two soils differing in their properties (an acid Ultisol and an alkaline Vertisol), 
comparing the HA-NPs with one commercial P fertilisers (TSP) and rock phosphate (RP). It was 
hypothesised that (1) in the acid Ultisol, HA-NPs would increase the efficiency of P usage due to its 
controlled release, (2) in both soils, HA-NPs would have a lower risk of leaching compared to TSP, 
and (3) the surface charge of HA-NPs would influence the release and bioavailability of P. It is hoped 
that the outcomes of this study will assist in exploring the suitability of utilising HA-NPs as P 
fertilisers, thus developing better P fertiliser strategies to enhance the efficiency of P usage as well as 
minimising environmental risks. 
5.2 Methods and materials 
5.2.1 Soil collection and characterisation 
Two soils (an acid Ultisol and an alkaline Vertisol) were collected and characterised as outlined 
in Section 4.2.1. 
5.2.2 Pot experiment 
The two soils were air-dried, sieved (10 mm) and mixed with five different P sources [TSP, HA-
NPs(+), HA-NPs(0), HA-NPs(‒), and RP] at a rate of 150 mg P/kg, being equivalent to a rate of ca. 
150 kg/ha (assuming a bulk density of 1 g/cm3 and a depth of 10 cm). The soil was then packed into 
pots (175 mm diameter, 200 mm deep), with a total of 3 kg soil for the Ultisol (1.6 g/cm3) and 2 kg 
soil for the Vertisol (1.1 g/cm3). Each treatment had three replicates. While packing the soil, two 
hollow fibre soil solution samplers (Guppy et al., 2000) were installed in each pot at a depth of 12 
cm. After packing the soil, basal macronutrients (100 mg N, 33 mg K, 21 mg Mg, 28 mg S per kg) 
and micronutrients (0.83 mg Cu, Fe, Mn, and Zn, 0.083 mg B, Co, and Mo per kg) were added to 
each pot. The pots were allowed to equilibrate for one week in a naturally-lit glasshouse at 30 °C, 
with water content maintained at 78 % of field capacity using a capillary matting system. Each pot 
was covered with reflective insulation to minimise moisture loss by evaporation.  
Seeds of sunflower were germinated using rolled moist paper towel, with the seedlings 
transplanted when radicles reached 10-15 mm long (ca. 2 d). Five seedlings were placed in each pot 
before being thinned to one per pot after 5 d. The plants were grown for another 30 d before harvest 
(i.e. 35 d in total after initial transplanting) before the development of unnatural root density. Plant 
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height was measured to the topmost node throughout the growth period, after 7, 10, 13, 17, 23, 30, 
and 35 d. Soil solution was collected after 0 and 35 d, with concentrations of B, Ca, Cu, Fe, K, Mg, 
Mn, Na, P, S, and Zn measured using inductively coupled plasma optical emission spectrometry (ICP-
OES, Varian Vista Pro). Small soil cores (30 g) were collected from the pots immediately prior to 
transplanting the seedlings (0 d) and at harvest (35 d). The availability of P was assessed using 
Colwell-P, diffusive gradients in thin films (DGT-P), and P fractionation (sequential extraction of P) 
as described by Xiong et al. (2018). For assessment of Colwell-P, soil samples were extracted by 0.5 
M NaHCO3 (1:50) at pH 8.5. For sequential extraction, soil samples were sequentially extracted using 
anion exchange resin strips, 0.5 M NaHCO3, 0.1 M NaOH, 1.0 M HCl, and then digested using 
H2SO4-HClO4 (20:1) and 0.5 g of MgSO4 at a soil/solution ratio of 1:60 (Guppy et al., 2000). For 
assessment of DGT-P, the DGT units were placed on the soil for 24 h after wetting soil to field 
capacity, and then eluted in 1 M H2SO4 (Mason et al., 2010). The P concentrations in the extracted 
and eluted solutions were examined using ICP-OES. At harvest, plant shoots were weighed (fresh 
mass) and dried at 60 ºC before being weighed again (dry mass). The tissues were then ground, 
digested in a 1:5 mixture of nitric acid and perchloric acid, and analysed using ICP-OES (Baker and 
Smith, 1974). Roots were collected from the soil by washing and sieved (2 mm mesh) the soil with 
deionised water, with surface moisture removed by centrifugation. The harvested roots were then 
weighed (fresh mass), dried at 60 ºC before being weighed again (dry mass). The vesicular-arbuscular 
mycorrhizal (VAM) colonisation of the harvested roots was measured using gridline intersect method 
after Ink-Vinegar staining (Vierheilig et al., 1998). To examine VAM colonisation at the early stage 
of plant growth, plants were grown in both soils in additional pots without P amendments and 
harvested after 7 d. 
5.2.3 Statistical analysis 
Differences in plant growth between the control and treatments were analysed using a one-way 
analysis of variance (ANOVA) with SPSS v24. A two-way ANOVA was used to test if there was an 
interaction between soil type and P source on plant growth. Main treatment effects and their 
interactions were tested using differences of least squares means. Mean separations were with the 
least significant difference (LSD) test. 
 
5.3 Results 
5.3.1 Plant growth 
To investigate the availability of these forms of P, sunflower was grown for 35 d in an Ultisol and 
a Vertisol. First, consideration is given here to the Ultisol. This soil was confirmed as having low P 
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availability, with the addition of all P compounds (except RP) resulting in significant increases in 
both plant height and biomass. For example, upon harvest in the Ultisol, the height of the plants 
fertilised with the three HA-NPs and TSP reached a similar level (ca. 32.6 cm), whereas the 
corresponding value was 16.8 cm for the control and 22.5 cm for the RP treatment (Fig. 5.1a). 
However, the P compounds were found to differ in their effects, with plant biomass significantly 
higher for the HA-NPs(‒) than for any other treatment. Indeed, in this HA-NPs(‒) treatment, shoot 
mass was 34.9 g/pot for the shoots and 27.1 g/pot for the roots, which was higher than for the HA-
NPs(0) (25.4 g/pot for the shoots, 19.7 g/pot for the roots), HA-NPs(+) (20.7 g/pot for the shoots, 
19.9 g/pot for the roots), TSP (17.9 g/pot for the shoots, 18.8 g/pot for the roots), and RP (5.6 g/pot 
for the shoots, 7.0 g/pot for the roots) (Fig. 5.2a).  The observation that addition of P-containing 
compounds improved plant growth was in agreement with visual observations (Fig. 5.3c). 
Specifically, in the control and RP treatments, symptoms of P deficiency were observed, including 
stunted growth and brownish colouration of the leaves (Fig. 5.3a and 5.3b). The shoot tissue P 
concentrations were also measured, with plants in the HA-NPs(‒) and HA-NPs(0) treatments having 
the highest P concentration (ca. 4.1 g P /kg, dry mass basis), followed by plants in the HA-NPs(+) 
and TSP treatments which had an average of 2.9 g P/kg (Fig. 5.4a). The application of PR increased 
shoot tissue P concentrations the least, being 2.0 g P/kg, compared to control (1.1 g P/kg). It was also 
noted that the application of the five P compounds significantly increased shoot tissue concentrations 
of Ca from 1.0 g/kg in the control, to ca. 4.7 g/kg by the three HA-NPs treatments, and to 3.3 g/kg by 
TSP (Fig. 5.4b). In contrast, shoot tissue concentrations of Fe (Fig. 5.4c) and Zn (Fig. 5.4d) were the 
lowest for the three HA-NPs treatments, being 250 and 132 mg/kg with no significant difference, 
whereas the corresponding values were ca. 2238 and  627 mg/kg for the control and RP. The shoot 
tissue concentration of Fe in TSP treatment was 400 mg/kg, while the shoot Zn concentration was 
120 mg/kg. 
For the Vertisol, the improvements in plant growth upon the addition of P fertilisers were not as 
pronounced (Fig. 5.1b and 5.2b). Indeed, the only significant increase in biomass was for TSP, with 
shoot fresh mass increasing from 41.6 in the control to 59.6 g for TSP (Fig. 5.2b). In contrast, root 
fresh mass did not increase for TSP, nor did shoot or root fresh mass increase for any of the four 
remaining P fertilisers (Fig. 5.2). No symptoms of P deficiency were observed in any of the treatments. 
In a similar manner, shoot tissue P concentrations were significantly higher for the TSP (4.6 g/kg), 
with tissue concentrations in the four remaining P fertilisers not differing significantly from the 
control (Fig. 5.4a). Unlike the Ultisol, the application of the five P compounds decreased Ca 
concentration in plant shoot in the Vertisol from 13.8 (control) to 8.8 g/kg by TSP, and to ca. 5.2 g/kg 
by the HA-NPs and RP (Fig. ab). Application of the five P compounds did not alter shoot tissue 
concentrations of Fe and Zn, except that Zn concentration was significantly decreased by TSP, from 
33 (control) to 23 mg/kg (Fig. 5.4c and 5.4d). 
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Fig. 5.1. Height of sunflower plants grown for 35 d on two soils to which P had been added as triple 
superphosphate (TSP), hydroxyapatite nanoparticles (HA-NPs) differing in surface charge, and as RP. 
Data are the arithmetic mean of three replicates, with the standard deviation shown. 
 
Fig. 5.2. Effects of different P treatments on shoot and root fresh biomass of sunflower grown in two 
soils to which P had been added as triple superphosphate (TSP), hydroxyapatite nanoparticles (HA-
NPs) differing in surface charge, and as RP. Data are the arithmetic mean of three replicates, with the 
standard deviation shown. Different letters (lowercase for shoot, uppercase for root) indicate 
significant differences (p < 0.05). 
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Fig. 5.3. Symptoms of P deficiency in the Ultisol was visually observed, including brownish 
colouration of the leaves (a, b) and stunted growth (c), addition of P-containing compounds improved 
plant growth. 
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Fig. 5.4. Effects of different P treatments on concentration of P (a), Ca (b), Fe (c) and Zn (d) in the 
shoots of sunflower grown in two soils to which P had been added as triple superphosphate (TSP), 
hydroxyapatite nanoparticles (HA-NPs) differing in surface charge, and as rock phosphate (RP). Data 
are the arithmetic mean of three replicates, with the standard deviation shown. Different letters 
(lowercase for Ultisol, uppercase for Vertisol) indicate significant differences (p < 0.05) 
5.3.2 Mycorrhizae association 
At the early stage of plant growth (7 d), the rate of VAM colonisation was considerably higher in 
the Vertisol (91 %) than in the Ultisol (0 %) for the control treatment (data not presented). After 35 
d, VAM colonisation in the Ultisol was similar (62-73%) across all treatments, including for the 
control (Fig. 5.5). For the Vertisol after 35 d, VAM colonisation was still somewhat higher compared 
to the Ultisol, with the control treatment for the Vertisol having 94 % colonisation (Fig. 5.5). 
Furthermore, the different P fertilisers were found to influence the extent of VAM association in the 
Vertisol. For example, plants grown in the soil without P addition (control) had the highest VAM 
colonization (94 %), whereas addition of TSP reduced VAM association to 51 % (Fig. 5.5). In a 
similar manner, addition of HA-NPs(+) and HA-NPs(‒) also decreased VAM association compared 
to the control (78 %), although the magnitude of the reduction was smaller than observed for TSP. 
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Fig. 5.5. Mycorrhizal colonization of roots grown for 35 d in two soils to which P had been added as 
triple superphosphate (TSP), hydroxyapatite nanoparticles (HA-NPs) differing in surface charge, and 
as RP. Data are the arithmetic mean of three replicates, with the standard deviation shown. Different 
letters indicate significant differences (p < 0.05). 
 
5.3.3 Measurements of P availability  
For the Ultisol measured after 0 d (i.e. one week after equilibration and at the time of transplanting), 
values for Colwell-P were found to be highest for the TSP treatment (49 mg/kg), followed by the 
three HA-NPs (ca. 20 mg/kg), compared to the control which had a Colwell-P value of 8 mg/kg (Fig. 
5.6a). Values for Colwell-P measured in the Ultisol after 35 d were similar to those measured after 0 
d, although some differences were observed. Specifically, Colwell-P in the TSP treatment decreased 
to 32 mg/kg, whereas it increased to 40 mg/kg in the HA-NPs(‒) treatment. In contrast, the Colwell-
P values of soils treated with either HA-NPs(+) and HA-NPs(0) did not change after growing plants 
for 35 d (p > 0.05). For RP, the Colwell-P values increased from 10 mg/kg after 0 d to 15 mg/kg after 
35 d with no significant difference obseved (Fig. 5.6a). For measurements of DGT-P, no significant 
differences were observed between any treatments, either after 0 or 35 d (Fig. 5.6a). Sequential 
extraction was also used to examine P behaviour in the soil (Fig. 5.7a). For the Ultisol measured at 0 
d, it was found that the application of TSP resulted in the highest labile P (resin P + Bic-P) value (85 
mg/kg), with the three HA-NPs treatments having ca. 36 mg/kg of labile P (resin P + Bic-P) (Fig. 
5.6a). However, for the TSP treatment, these labile P concentrations were found to decrease following 
plant growth for 35 d, decreasing from 85 to 37 mg/kg, although no similar significant differences 
were found for either HA-NPs(+) and HA-NPs(0) (Fig. 5.6a). In contrast to these changes in labile P 
(resin P + Bic-P), the NaOH-P pool gradually increased over time across all treatments, with the 
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concentration in the TSP treatments (increasing by 57 mg/kg) being higher than in the HA-NPs 
treatments (increasing by ca. 35 mg/kg) (Fig. 5.6a). Finally, soil solution P concentrations were also 
measured, which ranged from 9.5 to 14 µM (0.30 to 0.43 mg/L) after 0 d, and 3.8 to 7.7 µM (0.12 to 
0.24 mg/L) after 35 d (data not presented). 
Next, changes in extractable P concentrations were considered in the Vertisol. Firstly, Colwell-P 
values were found to increase markedly for the TSP treatment (85 mg/kg), increasing from 15 mg/kg 
in the control (Fig. 5.6b). Indeed, concentrations of Colwell-P for the Vertisol increased only for TSP, 
with none of the four other compounds increasing Colwell-P compared to the control (Fig. 5.6b). 
Furthermore, growing plants for 35 d did not alter the Colwell-P in any treatment. The pattern of 
change in DGT-P for the Vertisol was similar to the Ultisol, with application of TSP increasing DGT-
P from 19 to 301 µg/L (Fig. 5.6b), but no significant differences were found for any other treatment. 
Using sequential extraction, it was found that addition of TSP resulted in a marked increase in labile 
P (resin P + Bic-P), with concentrations remaining low in all other treatments (Fig. 5.7b). Rather, in 
these other treatments, addition of the P compounds (HA-NPs or RP) resulted in marked increases in 
HCl-P, increasing from 75 mg/kg in the control to ca. 185 mg/kg in the treatments containing HA-
NPs or RP. Soil solution P concentrations ranged from 33.1 µM (1.0 mg/L) in the TSP to 8.6 to 13.7 
µM (0.27 to 0.43 mg/L) in the remaining treatments, with no notable changes in concentrations from 
0 to 35 d (data not presented).
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Fig. 5.6. Colwell-P and DGT-P values of two soils (Ultisol and Vertisol) to which P had been added 
as triple superphosphate (TSP), hydroxyapatite nanoparticles (HA-NPs) differing in surface charge, 
and as RP. Data are the arithmetic mean of three replicates, with the standard deviation shown. 
Different letters (uppercase for 0 d, lowercase for 35 d) indicate significant difference at p < 0.05. 
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Fig. 5.7. Changes in sequentially extracted P in two soils to which P had been added as triple 
superphosphate (TSP), hydroxyapatite nanoparticles (HA-NPs) differing in surface charge, and as 
rock phosphate (RP). Measurements were taken after 0 and 35 d. 
 
Fig. 5.8. The soil solution P concentrations of two soils (Ultisol and Vertisol) to which P had been 
added as triple superphosphate (TSP), hydroxyapatite nanoparticles (HA-NPs) differing in surface 
charge, and as rock phosphate (RP). Data are the arithmetic mean of three replicates, with the standard 
deviation shown. Different letters (uppercase for 0 d, lowercase for 35 d) indicate significant 
differences at p < 0.05. 
5.4 Discussion 
5.4.1 Effectiveness of hydroxyapatite nanoparticles as a P fertiliser in an acid Ultisol 
A glasshouse pot experiment was used to investigate the effectiveness of various HA-NPs differing 
in surface charge as a P fertiliser. In the acid Ultisol, P availability in the unamended (control) soil 
was low, with leaf necrosis found in both the control and the RP treatments after growth for three 
weeks (Fig. 5.3). These visual symtpoms were consistent with P deficiency, and the tissue P 
concentrations for both treatments (1.1 and 2.0 g/kg, Fig. 5.4a) are below the critical concentration 
for P deficiency reported for sunflower (Reuter et al., 1997). Addition of TSP or any of the three HA-
NP compounds significantly improved plant growth in this soil, with fresh mass increasing from 5 
g/pot in the control to 37 to 62 g/pot in these four treatments (Fig. 5.2a). This improvement in growth 
was associated with a marked increase in the shoot tissue P concentrations (Fig. 5.4a). Of these four 
P compounds that significantly improved plant growth (TSP, and the three HA-NPs), the HA-NPs(‒) 
was significantly more effective than the other three P compounds (inlcuding TSP), increasing plant 
fresh biomass 17.5-fold for the shoots and 7.9-fold for the roots (Fig. 5.2a). In the study of Liu and 
Lal (2014), it was found that the application of HA-NPs did not significantly improve growth 
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(biomass) of soybean compared to TSP – although there was a slight increase, it was not statistically 
significant. It is likely that this increased P availability in the HA-NP treatment (Fig. 3a) resulted 
from the slow and sustained release of P, which decreased the binding of P to the soil particles whilst 
the TSP had a rapid initial release followed by a decrease in availability (Xiong et al., 2018). In 
addition, we have extended the study of Liu and Lal (2014) who did not examine differences in the 
surface charge of the HA-NP compounds. In the present study, it was observed that the HA-NPs(‒) 
were more effective at supplying P than was the TSP or the two other forms of HA-NPs (Fig. 3a), 
which is likely due to their competition with P for negatively charged surface sites. Competition for 
specific adsorption sites is well known, such as competition between Si and P which increases P 
availability (Bowden et al., 1980). Accordingly, it was noted from the sequential extraction (Fig. 7a) 
that the addition of HA-NPs(‒) resulted in a larger increase in the resin-P fraction and a smaller 
increase in the NaOH-P fraction compared to TSP and the two other forms of HA-NPs. Thus, our 
study indicates that HA-NPs, especially HA-NPs(‒), may be suitable for use as a new form of P 
fertiliser, with its slower, more sustained release potentially improving plant growth as well as 
potentially reducing adverse off-site environmental impacts (Xiong et al., 2018). Finally, the 
observation that RP was the least effective compound in increasing plant growth is consistent with 
several previous studies, where it has been shown that P availability decreases with increasing particle 
size for HAP (Alston and Chin, 1974; Bolland and Gilkes, 1989; Borm et al., 2006). Indeed, of the 
five P compounds, RP increased the fresh biomass the least, increasing only by 2-fold for the shoots 
and 1.3-fold for the roots. Differences in plant height (Fig. 5.1a) were similar to those for fresh 
biomass (Fig. 5.2a). Concentrations of Ca in the plant shoot tissues increased in the TSP treatment 
and in the three HA-NPs treatments (Fig. 5.4b), given that these P compounds also contained Ca. In 
contrast, concentrations of Fe (Fig. 5.4c) and Zn (Fig. 5.4d) in the shoot tissues were lower in the 
TSP treatment and the three HA-NP treatments than they were in either the control or RP. 
5.4.2 Effectiveness of hydroxyapatite nanoparticles as a P fertiliser in an alkaline Vertisol 
The alkaline Vertisol was also considered, for which TSP was the most effective form of P, 
increasing plant height by 11 % and shoot fresh biomass by 30 % after 35 d (Fig. 5.1b and Fig. 5.2b). 
In contrast, none of the three HA-NPs compounds or the RP significantly increased plant growth (p > 
0.05). There are two important observations that are pertinent in regard to these differences in the 
effectiveness of the HA-NP compounds between the Ultisol and the Vertisol. Firstly, and most 
importantly, the higher pH of the Vertisol (pH 8.2) compared to the Ultisol (pH 4.7) results in a 
marked reduciton in the solubility of hydroxyapatite (Lindsay, 1979), as demonstrated in a laboratory 
incubation study using HA-NP compounds (Xiong et al., 2018). For example, Chien and Menon 
(1995) noted that high pH and high Ca concentrations limited the effectiveness of hydroxyapatite as 
a fertiliser. Thus, HA-NPs appear to be suitable as fertilisers only on non-alkaline soils, with 
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increasing pH reducing their ability to supply P to plants. Secondly, the Vertisol had a higher 
background P availability than did the Ultisol, and hence the magnitude of the improvements in plant 
growth caused by the addition of P compounds was smaller than when compared to the Ultisol (Fig. 
5.2). For example, although the shoot tissues from the control of the Ultisol (1.1 g/kg) were clearly P 
deficient (critical value of 2-3 g/kg, Reuter et al. (1997)), shoot concentrations from the Vertisol 
control were marginal (2.4 g/kg, Fig. 5.4a). Concentrations of Ca in the shoot tissues were lower in 
the three HA-NPs treatments and RP treatment when compared to the control (Fig. 5.4b). This could 
potentially be attributed to the adsorption of Ca by the HA-NPs or the RP, which would result in a 
decrease in the concentration of Ca ions in the soil solution. 
5.4.3 Effect of applying hydroxyapatite nanoparticles on VAM association 
According to the root colonising patterns observed using microscopy (data not presented), the 
VAM fungus in the two soils belong to different genera of the same family Glomalean (Brundrett et 
al. (1996)). Indeed, the VAM fungus in the Ultisol belong to the genera Acaulospora, whereas the 
VAM fungus in the Vertisol belong to the genera Glomus. The VAM association has been reported 
to have beneficial effects on P uptake, growth and yield responses of sunflower, both in pot culture 
(Koide, 1985) and in field experiments (Chandrashekara et al., 1995). As has been established 
previously, different levels of P in soil solution resulted in different levels of VAM infection. For 
example, Habte and Manjunath (1987) investigated the effect of P concentration in soil solution 
(0.002-0.807 mg/L) on the symbiotic interaction between the tropical tree legume Leucaena 
kucocephala and the VAM fungus Glomus fasciculatum, and found that the level of VAM infection 
in Leucaena roots increased as the concentration of P was raised from 0.002 to 0.153 mg/L, whereas 
higher levels of P (> 0.153 mg/L) depressed VAM infection. In the present study, no significant 
differences were found for the Ultisol (Fig. 5.8a) which had a low P status, regardless of the P 
compound added, giving a range of soil solution P concentrations from 0.12 to 0.43 mg/L. For the 
Vertisol, colonisation was highest in the control, and addition of the various P compounds resulted in 
significant decreases in colonisation (Fig. 5.5b), especially for TSP. The P concentration in soil 
solution increased from 0.27 mg/L (the control) to 1.0 mg/L in the TSP treatment, correspondingly 
the VAM infection rate decreased from 78 % (the control) to 8.6 to 51%. The uptake of Zn by plants 
is reported to be closely related to mycorrhizal colonization. In the present study, a decreased shoot 
tissue Zn concentration was observed in the TSP treatment for the Vertisol (Fig. 5.4d), with this likely 
resulting from the decresed VAM colonisation in this TSP treatment (Fig. 5.5). 
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5.5 Conclusion 
In the present study, the effectiveness of various HA-NPs differing in surface charge as a P 
fertiliser was examined for sunflower. It was found that in the Ultisol, HA-NPs(‒) was more effective 
at supplying P than the TSP or the two other forms of HA-NPs, likely due to their competition with 
P for negatively charged surface sites in this soil. However in the alkaline Vertisol (pH 8.2), the three 
HA-NPs compounds did not increase plant growth, although their application resulted in higher VAM 
rate than did the TSP. Thus, it is concluded that HA-NPs, especially HA-NPs(‒), are potentially 
suitable for use as a new form of P fertiliser, particularly in acid soils. 
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Chapter 6: Movement of hydroxyapatite nanoparticles (HA-NPs) in an acid 
Ultisol, an alkaline Vertisol and an acid-washed sand 
Abstract 
Hydroxyapatite nanoparticles (HA-NPs) have recently been proposed as novel phosphorus (P) 
fertilisers that could potentially provide increased efficiency and minimise adverse environmental 
impacts. In this chapter, the mobility of three types of HA-NPs was examined using a column leaching 
experiment with two soils (an acid Ultisol and an alkaline Vertisol) in addition to a sand that was 
used as a control. For the sand, which had a low P sorption capacity, application of triple 
superphosphate (TSP) resulted in a high leaching rate (80 % of P recovered in the leachate), whereas 
HA-NPs had a very low leaching risk (< 0.5 %).  For the Ultisol and Vertisol,  the overall mobility of 
P in all treatments was low. Indeed, < 5 % of the P moved to a depth of 100 mm in all treatments 
except for the Ultisol to which the HA-NPs(‒) were applied where P mobility was slightly higher. 
These results show that for the acid Ultisol, HA-NPs with altered surface charge may possibly result 
in increased P mobility, which may facilitate their movement into the rooting zone. The overall 
leaching potential is lower for HA-NPs than for TSP in the three medium tested (an Ultisol, a Vertisol 
and a sand), regardless of the surface charge of HA-NPs. 
 
6.1 Introduction 
Phosphorus (P) leaching in most soils has normally been considered to be at very low rates, with 
most P held strongly by a range of diverse soil constituents (i.e. Al/Fe oxides and clay minerals) 
(Arnaud et al., 1988; Frossard et al., 1989; Letkeman et al., 1996; Walker and Syers, 1976). However, 
in some systems, P leaching can be increased by the implementation of intensive agricultural 
production, due to the accumulation of available P in the subsoil caused by application of P fertilisers 
in excess of plant needs (Braun et al., 1994; Schachtman et al., 1998; Sharpley and Rekolainen, 1997; 
Sharpley, 1995; Sibbesen, 1995; Sibbesen and Sharpley, 1997; Van der Molen et al., 1998). Indeed, 
application of conventional P fertilisers which have high solubility often results in a rapid increase in 
the concentration of P in the soil solution, generally exceeding the saturation value of roots for P 
uptake (Kang et al., 2011). This excessive concentration of P in the soil solution is vulnerable to P 
loss into waterbodies through runoff and leaching. The loss of P not only reduces fertiliser use 
efficiency, but also often results in adverse environmental problems such as eutrophication (Michalak 
et al., 2013; Qin et al., 2010). It has long been identified that P is a primary factor that controlling 
algal blooms and other symptoms of eutrophication since first established by Schindler (1974). In 
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addition, numerous studies have also shown that reducing inputs of P is effective in reducing 
eutrophication (Council, 1992; Likens, 1972; Schindler et al., 2008; Sylvan et al., 2007). Once P 
enters water bodies, eutrophication can last for years to decades due to mobilization of the previously 
accumulated P (legacy P) even after inputs decline (Carpenter, 2005; Powers et al., 2016). 
Hydroxyapatite nanoparticles (HA-NPs) have recently been proposed as a novel P fertiliser that 
can provide increased P use efficiency and decreased environmental contamination (Chapter 4 and 5) 
(Xiong et al., 2018). Indeed, the application of HA-NPs could result in a controlled release of P, 
decreasing the retention of P by soil constituents and increasing fertiliser using efficiency (Xiong et 
al., 2018). In addition, HA-NPs is hypothetically less bioavailable to algae in comparison to the 
conventional soluble P fertilisers (Liu and Lal, 2014). However, the mobility of HA-NPs in soils 
which plays an important part in P leaching potential as well as the amount of P reaching plant roots 
yet received little attention. It is well acknowledged that high P mobility often accompanies with a 
risk of leaching and adverse environmental outcomes, whereas the low P mobility generally decreases 
P availability by limiting the amount of P moving deeper with soil profile (near plant roots). 
Especially in low rainfall environments such as Australia, the surface soil is often dry and plants 
extract water from deeper within the soil profile. In such situations, having a large reservoir of P at 
the soil surface caused by low P mobility is a disadvantage, as roots can only access nutrients from 
where they are accessing water (i.e. deeper within the soil profile). Thus, it is useful to have P 
fertilisers with balanced mobility in soil (i.e. some movement into the soil, but not too far). Of 
particular interest, Montalvo et al. (2015) examined the leaching of P following application of HA-
NPs to two acid, strongly P sorbing soils (Andisol and Oxisol) using repacked soil columns. These 
authors found that 5% of the applied HA-NPs leached in the Andisol and <1% of the P leached in the 
Oxisol. These findings demonstrate the need for more work to examine the mobility of HA-NPs in 
soils, particularly as influenced by soil types and properties.  
In this chapter, a column study was used to examine the leaching potential and P mobility of three 
HA-NPs differing in surface charge within two soils (Ultisol and Vertisol) plus a sand. It was 
hypothesised that (1) HA-NPs would have a lower rate of leaching compared to TSP, and (2) the 
surface charge of HA-NPs would influence the mobility of P. It is hoped that the outcomes of this 
study will assist in exploring the suitability of utilising HA-NPs as P fertilisers, thus developing better 
P fertiliser strategies to enhance the efficiency of P usage as well as minimising environmental 
contamination. 
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6.2 Methods and materials 
6.2.1 Soil collection and characterisation 
Two soils (an acid Ultisol and an alkaline Vertisol) were collected and characterised as outlined 
in Section 4.2.1. A mined sand (pH 6.8) was collected from Stradbroke Island, Australia, and used as 
a control with a PBI of 18 mg/kg. 
6.2.2 P movement experiment 
To examine the potential movement of P within soil, a column experiment was performed in the 
laboratory (25 °C) using PVC columns (300 mm long, 50 mm diameter) as described previously 
(Donn and Menzies, 2005; McDowell and Sharpley, 2001; Montalvo et al., 2015). The experiment 
consisted of a total of 18 treatments, with two soils (an Ultisol and a Vertisol) plus a sand and with 
six P treatments (control, TSP, HA-NPs(+), HA-NPs(0), HA-NP(‒), B) applied at a rate of 150 mg/kg 
soil. All treatments were replicated three times, yielding a total of 54 experimental units. The sand 
(pH 6.8, a mined sand collected from Stradbroke Island, Australia) was used as a control, with 
sorption of P expected to be negligible. The soils were air-dried, sieved (2 mm) before being packed 
into the columns. To allow drainage, a hole was drilled into the base of the column, with fibreglass 
matting on the base of the column preventing loss of soil. The bulk densities of the soils (1.7 g/cm3 
for the Ultisol, 1.1 g/cm3 for the Vertisol and 1.6 g/cm3 for the sand) were determined in a preliminary 
experiment by packing the soils into columns. Using these bulk densities, air dry soil (988 g Ultisol, 
649 g Vertisol, or 928 g sand) was packed in the columns, with the top 50 mm of soil (165 g Ultisol, 
108 g Vertisol, 155 g sand) mixed thoroughly with the relevant P compound before being packed. 
During packing, hollow fibre soil solution samplers (Guppy et al., 2000) were installed at two depths 
(100 mm and 200 mm) with two samplers at both depths. The samplers were installed through holes 
in the side of the columns, and once installed, the holes were sealed. The pore volume (Vo) of each 
column was examined by wetting the soil-packed column from top with deionised water to saturation, 
with Vo calculated as the difference between the volume of water placed onto the column and the 
volume of leachate, being 306 mL for the Ultisol, 549 mL for the Vertisol, and 337 mL for the sand. 
Thereafter, six pore volumes (1836 mL for the Ultisol, 3294 mL for the Vertisol, and 2022 mL for 
the Vertisol) of artificial rainwater solution (Table 1) was added to the surface of each column at a 
rate of 10 mL/h, with leachate collected using a container. The leachate and soil solution at 100 and 
200 mm depth was sampled after each pore volume and analysed using flow injection analysis for P 
(FIA, Lachat QuikChem8500, Hach Company, USA). 
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Table 1. Ionic composition of the artificial rainwater solution applied in the column experiments 
(Donn and Menzies, 2005). 
 
6.2.3 Statistical analysis 
Differences in P concentrations of the soil solution and leachate between treatments were analysed 
using a one-way analysis of variance (ANOVA) with SPSS v24. Main treatment effects and their 
interactions were tested using differences of least squares means. Differences between means were 
assessed using least significant differences (LSDs). 
 
6.3 Results 
In order to examine the potential movement of P beyond the rooting zone and into the broader 
environment, a leaching study was conducted where the movement of P through a soil column was 
examined. For this experiment, both the Ultisol and Vertisol were examined, but also an acid-washed 
sand was included as a control due to its expected low P sorption capacity. First, changes in P 
concentrations of the soil solutions at 100 mm depth were examined (Fig. 6.1). For the sand to which 
TSP had been applied, there was a significant increase in the soil solution P concentration to 11.5 
mM after only one pore volume (Fig. 6.1). A significant increase in soil solution P concentration was 
also observed for the HA-NPs(‒) treatment at a depth of 100 mm, with P concentrations increasing 
to 585 µM after three pore volumes (Fig. 6.1). In contrast, soil solution P concentrations remained 
low (< 1 µM) across all remaining treatments for the sand and two soils.  
Similar changes in P concentrations of the soil solutions at 200 mm depth were found (Fig. 6.2). 
For the sand to which TSP had been applied, the soil solution P concentration increased significantly 
to 11.3 mM after only one pore volume (Fig. 6.2), whereas soil solution P concentrations remained 
low across all remaining treatments for the sand and two soils (< 1 µM). 
Next, P concentrations in the leachate at the base of the columns (300 mm long) were also 
examined (Fig. 6.3). For both the Ultisol and Vertisol, the P concentration of the leachate did not 
increase significantly (p > 0.05) and remained low (< 1 µM) for all P treatments across the entire 
experiment duration (six pore volumes) (Fig. 6.3). In contrast, P concentrations in the leachate from 
the sand amended with TSP rapidly increased after one pore volume to 11.0 mM (Fig. 6.3). Although 
 NO3 Cl SO4 NH4 Ca Mg K Na 
Concentration 
(µM) 
6 120 10 6 15 10 8 82 
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addition of TSP increased concentrations of P in leachate from the sand, none of the four other P 
compounds increased leachate P concentrations (Fig. 6.3). 
Lastly, accumulative P recovered in the leachate was considered (Fig. 6.4). For the sand to which 
TSP was applied, accumulative P recovered in the leachate increased to 78 % after three pore volumes. 
In contrast, accumulative P recovered in the leachate remained low (< 0.5%) across all remaining 
treatments for the sand and two soils. 
 
Fig. 6.1. Concentrations of P in the soil solution at 100 mm depth of columns packed with a sand (a), Ultisol 
(b) or Vertisol (c) and amended with triple superphosphate (TSP), HA-NPs(+), HA-NPs(0), HA-NP(‒), and 
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rock phosphate (RP). Data are the arithmetic mean of three replicates, with the least significant difference 
(LSD) shown (p < 0.05). 
 
Fig. 6.2. Concentrations of P in the soil solution at 200 mm depth of columns packed with a sand (a), Ultisol 
(b) or Vertisol (c) and amended with triple superphosphate (TSP), HA-NPs(+), HA-NPs(0), HA-NP(‒), and 
rock phosphate (RP). Data are the arithmetic mean of three replicates, with the least significant difference 
(LSD) shown (p < 0.05). 
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Fig. 6.3. Concentrations of P in the leachate through columns (300 mm depth) packed with a sand (a), Ultisol 
(b) or Vertisol (c) and amended with triple superphosphate (TSP), HA-NPs(+), HA-NPs(0), HA-NP(‒), and 
rock phosphate (RP). Data are the arithmetic mean of three replicates, with the least significant difference 
(LSD) shown (p < 0.05). 
 93 
 
 
Fig. 6.4. Cumulative P recovered in the leachate through columns (300 mm depth) packed with a sand (a), 
Ultisol (b) or Vertisol (c) and amended with triple superphosphate (TSP), HA-NPs(+), HA-NPs(0), HA-NP(‒), 
and rock phosphate (RP). 
 
6.4 Discussion 
The increased movement of P within the soil profile can be potentially advantageous by allowing 
P to move deeper into the soil throughout the rooting zone. Conversely, however, where P is moved 
beyond the rooting zone, this can result in adverse outcomes in the broader environment. In this regard, 
it has previously been hypothesised that HA-NPs might be more mobile in soils than other forms of 
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P, thereby allowing their movement toward the roots from where the uptake of P could occur 
(Montalvo et al., 2015). In the present study, increased P concentrations were observed in the leachate 
(300 mm depth) for only the sand treated with TSP, with 72 % of the P added accumulating in the 
leachate. Concentrations of leachate P remained low in the sand for all HA-NP compounds and in 
both the Ultisol and the Vertisol for all forms of P (Fig. 6.3). This data demonstrates that overall 
mobility of P is low, except for the sand which has a low sorption capacity where a highly soluble 
form of P (TSP) was added. The finding is in accordance with many previous studies (Arnaud et al., 
1988; Frossard et al., 1989; Letkeman et al., 1996; Walker and Syers, 1976), with these previous 
studies concluding that the risk of P leaching is low in many soils.  A similar trend was observed for 
the soil solution, with P concentrations increasing only for the sand amended with TSP (Fig. 9).  
Interestingly, for the Ultisol, although concentrations of P in the soil solution and leachate 
remained low for TSP, concentrations increased to 18 mg/L (585 µM) for the HA-NPs(‒) treatment 
in the soil solution at 100 mm depth (Fig. 9). The movement of P in soils is generally low due to their 
interaction with soil constituents (i.e. adsorption and repulsion). However, the observation that there 
was considerable movement of HA-NPs in the Ultisol is also in agreement with the report by 
Montalvo et al (2015), with these authors finding that for an Andisol from Chile, HA-NPs had higher 
mobility than did TSP, with P concentrations in the leachate from the HA-NP treatment increasing to 
20 mg/L. Interestingly, these authors observed the opposite trend for an Oxisol from Australia, with 
TSP having considerably higher mobility than HA-NPs. Thus, our present study has shown that HA-
NPs(‒) may have increased mobility in some soils (Fig. 6.2), thereby facilitating their movement 
throughout the rooting zone. Indeed, previous studies have shown that the movement of the HA-NPs 
within the soil can be altered given that they likely bind to charged surfaces in soils. For example, it 
is possible that P moves within soil profiles due to their strong sorption to naturally occurring goethite 
nanoparticles which themselves are known to be mobile in soils (Wang et al., 2015). Similarly, it has 
been reported that soluble organic compounds can facilitate the movement of HA-NPs in soil profiles 
through electrostatic repulsion (Wang et al., 2012; Wang et al., 2016). In addition, the mobility of 
could be increased HA-NPs in highly alkaline soils (pH ≥10.5) due to charge reversal of iron oxides. 
The more pronounced mobility of HA-NPs(‒) compared to the other HA-NPs and compared to the 
TSP presumably resulted from the negative charge of HA-NPs(‒) which resulted in a lower retention 
on the soil surface. 
6.5 Conclusion 
The overall mobility of P in all treatments was low, except for the sand to which the TSP was 
applied where a high leaching rate (80 %) was induced. Intrestingly in the acid Ultisol, the addition 
of HA-NPs(‒) resulted in slight higher P mobility than TSP (moving 5 % of P to 100 mm depth), 
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probably due to the competition between the HA-NPs(‒) and negative phosphate ions for retention 
sites in soil. In this regard, HA-NPs with altered surface charge may provide an alternative P fertiliser 
with balanced P mobility in some soils.  
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Chapter 7: Conclusion and perspective 
This thesis examined the suitability of hydroxyapatite nanoparticles (HA-NPs) as a novel P 
fertiliser, aiming to enhance P fertiliser use efficiency as well as lower the risk of adverse 
environmental outcomes. Three types of HA-NPs were synthesised, having a surface charge values 
of +21 (±4.3), 0 (±3.5) and −12 (±2.7) mV, and hydrodynamic sizes of 1210, 547, and 102 nm in a 
neutral medium (pH 7) (Chapter 3). The results showed that in an acid Ultisol, the application of HA-
NPs resulted in a more controlled and sustained release of P compared to TSP, thus alleviating P 
adsorption by soil constituents (Chapter 4) and increased fertiliser effectiveness on sunflower 
(Chapter 5). In addition, among the three HA-NPs, HA-NPs(‒) outcompeted HA-NPs (0) and HA-
NPs(+) in increasing the available P within the soil and increasing the plant biomass, which could 
presumably be attributed to that the negative surface charge of HA-NPs competing with the phosphate 
ions for the adsorption sites in soil, thus increasing the free P ions in soil solution. Finally, the surface 
charge of the HA-NPs had a slight influence on their mobility within the soil, with HA-NPs(‒) also 
having a slightly higher mobility in the Ultisol (Chapter 6), contributing further to the fertiliser’s 
efficiency by moving more P deeper with soil profile (0-100 mm). In an alkaline Vertisol, none of 
the three HA-NPs increased available P concentrations (Chapter 4) or plant growth (Chapter 5), due 
to the low solubility of hydroxyapatite at this high pH (8.2), whereas TSP significantly increased both. 
The leaching rates of all the P compounds in the two soils were low, due to the strong sorption of P 
by the soils. However, in the sand with low sorption capacity, most of P applied by TSP was recovered 
in the leachate. Thus, it can be concluded that HA-NPs, especially HA-NPs with altered surface 
charge, are potentially suitable for use as a new form of P fertiliser, particularly in acid soils. 
Further studies are warranted to explore suitable approaches for the use of HA-NPs as P fertilisers 
in soils. Four future research questions have been identified based upon results in the present study: 
(1) At what pH range would HA-NPs result in higher P bioavailability than conventional soluble 
fertilisers?  
(2) Would the application of HA-NPs have an influence on soil biota? 
(3) What is the difference in the recovery of P fertilisers among various types of plants? 
(4) What is the effect of mycorrhizal colonization on the fertilising effectiveness of HA-NPs? 
